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SECTION 

INfROi/UCTION 

This report presents the results o£ an experiment which- was 'con- 
ducted during the summer 1 967 to evaluate the usefulness of the remote 
sensing teclinology of multiband color photography for earth resources 
applications of agriculture, forestry, geography and geology. 

i 

The four lens multi spectral camera was used to obtain multiband 

i 

photography of each test site. Photo interpretation and colorimetric 
image analysis were performed using the companion additive color viewer. 
Simultaneous Aero Ektachrome and Aero Ektachrome Infrared photography 
was also takeii during all phases of the experiment. In order to facil- 
itate tile colorimetric comparison of the characteristics of both additive 
and subtractive color images and because reliable spectral signature data 
was generally unavailable, the spectrii bands used in the mulcispectral 

J 

camera were chosen to match the bands of the spectrum to which the color 
films were sensitive. 

Throughout the experiment extensive ground control was used which 
included: grey scale and color targets, measurements of the spectral 
intensity and distribution of the incident solar radiation; spectro radio - 
metric measurements of the solar energy reflected by ground targets as well 
as selected environmental objects en vivo; colorimetric measurements of 
color and grey scale target-panels and selected ground objects. 
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Die experiment v;as .conducted at flight altitudes ranging fr'"n 
1000 feet to 30,000 feet above sea level. Primary emphasis was given 
to the higher altitudes to place the largest possible column of air be 
tween the ground and camera so that atmospheric effects would be in- 
cluded in the imagery obtained. 

1 1 ! Fundamental Problems 


Prior to performance of the experiment, three fundamental prob- 
b.lems were distinguished as being of critical importance in obtaining 
precision multiband photography. These problems are not unique to 
photographic sensors and in fact generally apply to any remote sensing 
technique in the .26 to 3 micron part of the electromagnetic spectrum 

i 

where reflection rather than emission ohenomcnon is encountered. 


The first problem relates to the lack of accuracy and precision 
in the structure of the image due to instrumentation errors. These 
arise from three sources: (1) sensor errors in formation of the spec- 
tral image, (2) photographic errors in transforming the image energy 
to density in the photograph subsequently used in data reduction, (3) 
errors in the viewing apparatus which constructs the color image for 
qualitative viewing by the interpreter and for quantitative colorimetric 
analysis. . ' ’ 

Psycho-physiological variables in viewing color images are not 
treated in this report although such considerations are critical in 
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the qualitative interpretation of aeriai pnoxograpny . All the data pre- 
sented herein: ire in terms ’of analytical color measurement and thus psy- 
chological variables such, as simultaneous contrast enhancement do not 
appear in this analysis. 

Tiie second problem centers on the environment. In this case three 

variables are distinguished: (1) the intensity and spectral distribution 

of the solai iiluminant 1 (a fractional part of which is reflected into 

the camera and thus forms the image) changes as a function of the solar - 
' € 

angle, atmospheric conditions, secondary reflectance and the relative 
composition of direct sunlight and diffuse skylight, (2) the en vivo 
sppc-tral reflectance of surface objects (crops, soils, trees, etc.) 
which is known to vary dynamically at least as a function of the non- 

lamb^rti^n (directional) spectral reflectance of objects due u> their 

* 

orientation with respect to both the angle of Incidence and angle cf 
reflection as -well as due to temporal changes in the absorption and 
transmission of the object itself, (3) the : '.atmosphere between the ob- 
ject and the sensor which scatters and absorbs the radiation reflected 
by the object. 

The third and perhaps most important problem is the physical re- 
lationship between reflectance spectra and color. Given a particular 

* * i 

spectra and a set of taking -viewing 'filters which establish a color 
space, a unique color will be produced. That is, the reflectance spec- 
tra of the object relates to one and only one color, thus defined, re- 
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gardless whether additive or subtractive color principles are used. 
However, the inverse is not true. Given a dolor (in any predefined 
color space), it can not be uniquely described to a particular spectra. 
An infinite number of spectral reflec t ance curves can pro d uce an iden- 
tical color . 

One of the primary purposes of multispeciral color aerial photo- 
graphy is to circumvent this physical law which relates spectra zo color 

TlrLs is accomplised by choosing talcing filters based upon, analysis 

<■ 

of the on vivo spectral reflectance characteristics of objects and then 
creating a false color space which maximizes the ' anparenx color diff- 
erence between the objects. 

1 ♦ 2 Obj ectives of the Experiment • 

The five primary objective? of the experiment were as follows: 
-evaluation of the accuracy of the chromatic characteristics 
of the image produced using multiband photographic techniques. 

• This accuracy, being achieved by adjustment of the additive 
color linage which in turn alters the effects of variations in 
solar illuminant and the effects of the. atmosphere. 

-to evaluate the uniqueness of color signatures obtained with 
a priori defined taking filters using color space formation 
capabilities of the viewer. 
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-to compare the characteristics of images formed by multi- 
spectral additive color photography with conventional sub- 
tractive color, films sensitive to both the visible and 
infrared radiation. 

-to measure- the- environmental variables which affect this tech- 
nique of remote sensing and to correlate them with the imagery. 

-to obtain reflectance spectra of objects of significant inter- 
' est to the earth resources disciplines and thus indicate the 
optimal spectral bands for taking multiband photography which 
allow maximisation of.’ the difference in color between objects. 

1.5 General Procedures 

The general procedures used throughout the experiment can now be 

* 

given with reference to the objectives and the. problems associated with 
tiie c-xporiment. 

The multispectrai camera was equipped with four filters which passed 
Q-0 ly the blue, green, red and infrared spectral bands. The film used 
was "black and white", infrared sensitive film (Kodak “5424). Two aux- 
iliary K-24 cameras, each with lenses identical to the multispectrai 
camera, were loaded with Aero Ektachrome (#8442) and Aero Fkta chrome 
Infrared (#3443) film. The three cameras w r ere aligned in a common 
mount such that the optical axes were parallel. Ail cameras w 7 cre.ac- 
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tivated by a common interval oraeter so that exposures were taken at the 
same time (within the shutter tolerances of the three cameras) , A 
range of exposures was used in both the mul tispectral camera and color 
cameras to insure the best possible exposure of the ground scene on 
the film. 

The negative infrared film was processed in a continuous Versamat 
processor using D-19 developer . Sensitometric control was maintained 
throughout the- -processing . In general, a medium to high contrast was 
obtained on the negative although this varied depending on the condi- 
tions encountered at a particular test site. Positive transparencies 
•were obtained by duplicating on Kodak #5427 film using a Niagra printer 
and lYbrsamat processed in MX 641-1 developer. Sensi rometric control 
was, of course, maintained. Color films were processed using the re- 
wind method, control strips being used to insure tire best possible 
development with in the state of the technology. 

! 

The positive images were placed in the additive color viewer. 

Numerous color spaces were experimentally formed in order to establish 

those which gave the color differentiation which the cognizant earth 

scientist considered best for his application. Hie color of ground 

taigets and significant environmental images were measured using a coloi- 

imeter . YThis .data was compared with ground measurements made at the 
, * 

time the photography was taken. A similar analysis was performed for 
subtractive color films. 
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Environmental measurements of the incident solar energy and spectral 
reflectance were icductu to common illumination condition and analyzed 
as to differences in spectral reflectance. Similar analysis was per- 
formed comparing the spectrophctometric total diffuse reflectance mea- ' 
surements of surface targeeb and the field spectro radiometric data. 

f 

1,4 Outline of the Report 

The following section of this report describes the remote sensing 
instrumentation used in the experiment. This discussion includes de- 
tails on the camera and, viewer design as well as some of the basic 
principles of additive color theory. 

Section 3 presents theoretical and empirical considerations on 
* ^ « 
the relationships between the diaracteristics of the black and white 

multiband image and the resulting additive color image. Empirical 

examples. of variations in color with change in the characteristic 

curve are included. 

Section 4 discusses the environmental measurements and instrumenta- 
tion that was used. Basic data on variations in intensity and spectral 
distribution of solar energy, reflectance of standard ground targets and 
their color under solar illumination are presented illustrating the sig- 
nificant parameters affecting multiband techniques. 

» f 

Section 5 presents the results achieved at each test site. It in- 
cludes qualitative color comparison of ground targets, and objects of 
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significant interest on both multispectral color and on subtractive 
color films. 


Section 6 presents die conclusions which result from the experiment 
and implications for future experiments and the design of improved in- 
strumentation. 
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SECTION 2 

DATA ANALYSIS EQUIPMENT Alsu TEC^MQUES 

The equipment used in the experiment consisted of the four lens 
multisoectral camera and associated color viewer system conceived and 
designed, by the. authors .and..manufac£ured.,by. the. Fairchild., Camera and 
Instrument Corporation, Two auxiliary cameras of the K-24 type, manu- 
factured by Eastman Kodak Co , , were used to obtain supplementary color 
photography- Tire multispectral camera utilized "black and white" infra- 
red Aecographic film (Kodak #5424) and was equipped with combination 
absorption and interference filters covering the following four spectral 
bands: 

Band 1- Blue (395-510 nanometers) 

Band 2- Green (480-590 nanometers) 

Band 3- Red (585-715 nanometers) 

Band 4- Infrared (700-900 nanometers) 

The log sensitivity of the film as well as the transmission of the fil- ' 
ters and camera lenses as- a function of wavelength are shotm in Figure 
1, • The reader should note that the three filters used fcr the visible 
spectral bands were specially designed to block the transmission of all 
infrared radiation. 

• For this particular experiment little en vivo spectral reflectance 
data was available for targets of interest to the earth resources dis- 
ciplines. Consequently, the spectral bands used in the multispectral 
camera were chosen to approximate the spectral sensitivity of conventional 
color and infrared color films. 

The too auxiliary cameras utilized Aero -Ektachrome (#8442) and Aero- 



v a XT- 10 X !OTOTHf CENTIMETER V,6 IfSIV 
10 X 23 ISM. ♦ ALOANKMC® MAfle IN U. *. A. 

KeurruL ft rsscn co, 








































Long Island University 

Science Engineering Research Group 


Technical Report SERG-TR-04 
1 September 1968 


Ektachrome Infrared (S443) color reversal emulsions. The spectral bands 
to which these films are (nominally) sensitive are as follows (for a 
• sensitivity of 1): 

Auxiliary camera £1 Aero Ektachrome "blue band" (360 -510nm) 

(no filter) 

"green band' 1 (36 0 - 59 Qnm) 
"red band"(470-690nr0 

Auxiliary camera If?. Aero Ektachrome Infrared 
O'/ratten 12 filter) 

' "green band" ( 500 -600nm) 

r 

"red band" (500-700nm) 

’ ' infrared band' ' 

rqsn-S90nm) 

/'vnalysi s of the multispectral photography taken during the experi- 
ment was performed by using the companion viewer. This apparatus uses 
additive color principles to project a single composite color rendition 

of the images associated with the four spectral bands. The presence of 

* 

slight density differences of the same image among the four spectral 
photographs results in a color in the composite rendition projected on 
tli 6' screen of the viewer. Ibis device also incorporates brightness, hue 
and desaturation controls which give the operator the capability to 
manipulate the relative color of screen images in order to emphasize s 
subtle chromatic differences for photo -interpretative purposes. 

2.1 Multispectral Camera 


The four lens multispectral camera shown in Figure 2 is a frame 





o 





FIGURE 2: ‘ ^XTISPrCTEAI, CAMERA 

Simultaneous spectra] photography in 
spatially identical formats can be 
taken in any four spectral bands be- 
tween 360 and 900 nanometers with 
the camera and associated control 
equipment . 




\ 


-12- 


i 


Long Island University 

Science Engineering Research Group 


Technical "Rfeport SERG-TR-04 
1 1 September 1968 


.type aerial sensor. It lias been designed so that the photographic 
emulsion is exposed through four individual lenses each one of which 
can be filtered to cover any desired wavelength band above 360 nano- 
meters. At wavelengths les c than this* radiation is absorbed by the 
glass elements of the lens. The upper limit of the radiation sensed 
is established by the film emulsion between 900 and 1000 nanometers . 


The camera is designed primarily to use a unitary film configur- 
ation in which four exposures are obtained on one piece of 9 1/2 inch - 
v/ide film. However, the capability to use four different films each 
21/4 inches wide has boon incorporated in the camera design. The 
magazine capacity is 400 feet of 5.2 mill thickness film. The camera 
has been equipped with an image motion compensation (IMG) device to 
allow use of long exposure times at low altitudes and high aircraft 


velocities without causing imago blur. A single local plane shutter 
is employed to expose all four photographs at precisely the dame in- 
stant of time. Tills feature assists in accurate registration of mul- 
tiple Images ir. the viewer by eliminating linage displacement between 
the four images which might result from aircraft angular motion during 


Exposure. 


2,1.1 Opto -Mechanical Design of Hie Camera 

The nultispectral camera-viewer system was designed to specific 
tolerances in order to eliminate many of the registration problems 
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assoc islCu with tlio data reauction o£ multiband type of photography . 

Most multispectral systems have not proven to he a pr-^ticai technique, 
nor are they employed on a continuing basis, principally because of Lhe 
time and effort required to register or otherwise analyze the multiple 
frames of Photography . Hie precise design of the multispectral camera 
circumvents these difficulties by producing a set of four nhotographs, 
matched in scale ana yielding identical coverage with exact registration 
of the imagery on a single unitary film. 

The variation or the amount of light bending as S. function of 
wavelength 3 s dependent upon the configuration and nature of the trans- 
mitting materia} . It is known as optical dispersion, shorter wavelengths 
being generally bent more than longer wavelengths. A lens is analogous 
to a ism in wnich incident parallel light will be bent more upon emer- 
gence if it is_ blue and less if it is red. For purposes of uniform mul- 
tispectial photographic scale, this dependency of focal length with wave- 
length requires the use of lenses which. are matched in focal length - • 
throughout the spectrum. This match of focal length for ail wavelengths 
permits the mating of any desired taking filter with any lens. Not only 
must the focal lengths of the four multispectral lenses be invariant with 
respect to .wavelength. throughout the spectrum used, but the physical con- 
siderations of the actual flange focal distance (the distance from the 
flange of the lens to the focal plane) affects the accuracy of scale 
m^Lcning which can be ootained by the camera. For the same resolution 

- 14 - 
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criteria, the focal plane of each filtered light bundle must- lie t:it 

’ i 

the nominal depth of focus of all four lenses as shorn in figure 3. 
Given a resolution rcou ire. cent ol 45 1/rca on a single nulti.spcctral 
record at i/2.5, one- nap compute the to t-: j depth of focus front : 



is the inherent distortion touch exists in ctcry lens across its ficlt 
In order that the imagery ho troll registered, it is required that the 


distortion characteristics os: each lens be veil matched. This does not 


3 5 
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poses of alignment. In the alignment process, a jig was made which 
would hold the body of the camera and the focal plane firmly in place 
because the vacuum platten is removed tor this adjustment. A travelling 
microscope with a filar eyepiece is mounted on the jig so that precise 
measurement in the X and Y directions is possible to achieve the desired 
a! ignment.. 

The multispectral camera incorporates a film guide mechanism which 
insures that -the film will transport accurately through the camera. A 
similar guide mechanism has been designed into tire asspeiated viewer so 
that the film will transport with respect to the projection s/s ten; achiev 
. ing accurate registration. Such transport accuracy insures the photo- 
interpreter- of good registration throughout the roll of film. It should 

* i 

.be noted, however, that manual registration of die first frame of -photo- 
graph}' is required to eliminate ■ the effects of film shrinkage aiong the 
width of. the film. 

In order that the photography obtained in each cf the four spectral 
bands be. exposed at exactly the sane instant of time, the conventional 
between- the-lcns shutters are not employed in the camera. Instead, a 
single focal plane shutter was designed with four slits (one for each 
lens) to eliminate the conventional misregistration problems caused by 
aircraft angular motion which exists when the photography is not exposed 
simultaneous ly . 
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2.1,2 Exposure Control and Ground Tests 

Photographic emulsions including panchromatic do not have an equal 
response to radiation throughout the spectrum and consequently exliibit 
a varying sensitivity as a function o£ wavelength. Since the taking fil 
ters in tne camera transmit different wavelengths and a fixed exposure 
time is used, consideration must be given to the required exposure con- 
trol over each spectral band. With or. equal exposure time as 'well as 
varying values of film sensitivity and energy transmitted in each snec- 

i 

tral band, an abject of uniform spectral brightness vdll be recorded a? 
a dirferent density in each spectral photograph. In order to. eliminate 
tnis error and make the spectral photography have a density proportional 
to the energy source, a ground calibration must be performed for each 
set of taking filters and film type 'to be employed. 

* 

Tiie relative exposure through the selected multispectral camera 
filters is calibrated in the following way, A set of grey scale panels 
is set up under daylight illumination together with a set of resolution 
targets. The filters and film to be used in the test are installed in 
•the camera and the ground targets are photographed at all possible £/ 
numbers. The spectral ditribution and intensity’ of the solar illuminant 
is also measured simultaneously and the test is only considered valid 
if the total spectral energy is within plus or minus S percent of the 
distribution of 'Standard Sunlight (Luminance G) in each band. Tiie film 
is precision processed under sensitometric control and is then examined 
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for that value of f/number of each lens which will yeild the same density 
values of the ground target. That spectral photo which requires the 
smallest value of f /number is then used as a standard. Each of the re- 
maining lenses arc then corrected with the use of neutral density fil- 
ters so that tne same f/number on each of the lenses will now render 

t* 

the grey scale ground panels as equal in density. These neutral density 
filters are then pcrmenently installed in front of the lenses. and no 


differential -exposure time is required for each of the photos . In flight, 
therefore, the' photographer need only change all the f/numbers by the 
same amount to vary the exposure. This assures .that a grey scale target 
on the ground, under standard illumination, will appear the same density- 
on the ’set of four spectral photographs . 


•2.1.5 Miltispectra"' i-iltration 

A spectral filter may be thougnt of as a window through which energy 
passes, the transmission being a' function of the wavelength of the radi- 
ation. A desirable filter band is one in which the radiant power to 
’•target signals" is different from that of "back-ground signals"..' .Th< 
determination of a good filter is made difficult by the fact that the 
spectral distributions of the solar energy reflected by the target an<_ 
background are either (1) unknown, (2) are very similar, (3) change dy- 
namically with environmental I conditions: 

The multispectral camera discussed herein, employs a set of trans- 
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mission filters to isolate four regions of the 'visible-near infrared 
spectrum from approximately 360 to 1000 nanometers, iueally, choice of 
filters might be based upon the spectral fcflectivity .of the geophysical 
phenomenon which is to be detected as well as the environmental background 
in which such a target is embedded . As the phenomenon of interest be- 
comes more general arid the type of backgrounds in which the targets are 
embedded become more varied, it is the current procedure to seJ ect a set 
of taking filters which are :'o r o adb and in nature. That is, four filters 
which together cover the entire .36 to 1 micron region, and which have 
reasonably high transmission properties. Wide band filters have been 
used to date when the number of items to be detected from the Same photo- 
graphic experiment are extensive. Conversly, as the number ‘of targets 
to be detected during one experiment is decreased and when these targets 

exist in similar environmental areas, one would l oasonably“expect that 
* * + 

narrow band filtration would give better results. 

Broadband filters are generally of the absorption type although fre- 
quently (as in the case of this experiment) interference coatings are 
also added to block the transmission of infrared radiation. However, 
as tiie mission objectives become more specific and detailed spectral 
signatures of targets of interest are established, significant improve- 
ment in performance can be obtained by using the multi-layer or inter- 
ference type filter. These filters may bo designed and manufactured so 
■that their maximum transmittance exists at any chosen wavelength. However, 
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care must be taken that there exists sufficient spectral transmission 
o allow for good expo^.c on the photographic emulsion used. 


Several problems are associated with the use of the multi-layer 
or interference type of filters. The first difficulty consists of a 
general, shift. in the peak bandpass of the filter as a function of field 
angle since the optical thickness of the thin film deposit varies’ as the 
angle of incidence ris increased, resulting in a shift towards the shorter 
wavelengths. The second diffiuclty enountered with the use of multi- 
layered filters consists of a shift to the longer wavelength region when 


the temperature of the filter is increased and a shift to the shorter 
wavelength exists when the filter temperature is decreased, for the 
most part the wavelength shift of an interference filter is essentially 
a linear function of the filter temperature. 


A typical problem in multispectral photography which employs ab- 
sorption filters in the wavelength region from 360 to 1000 nanometers, 
is trie transmission of infrared radiation. This can bo seen from Figure 
4. As a result when one uses conventional infrared emulsions (such as 
EK 54 ^-+3 xn conjunction with an absorption type. filter, the photographic 
emulsion will respond to not only that wavelength region of interest but 
also to the infrared radiation which is also transmitted. To eliminate 
such 'difficulties most of the broadband filters which exhibit such a 
property can incorporate an interference "blocking” coating to eliminate 
any transmission outside of the desired band. ' 


- 21 - 



tout m i* s. t 





































Long Island University • 

Science Engineering Research Group 


Technical Report SERG-TR-04 
1 September 1968 


When considering the total ■fr*. emission of the incident radiation 
impinging.f on to rhe ph.orographic emulsion through the multispectral 
system, one must also consider the spectral transmission characteristics 
of the taking lens. Hie on axis spectral distribution of light trans- 
mittance for the Aero-Elctar lens Used in the mul tispectral camera, was 
shown in Figure 1. Off axis the shape of this curve remains the same 
but is reduced in amplitude. This reduction in energy as a function 
.of field angle of the lens (often called Cosine* 1 fall -off or vignetting) 
should be corrected to obtain accurate spectral photography , This .is 
accomplished using an anti- vignetting filter to reduce the on. axis trans 
mission arid has the effect of increasing the T s top of the lens. This 
practice restricts the use of the lens to a shorter photographic day 

t 

since more energy must enter the lens (on axis) to produce the same ex- 
posure as would be obtained without such a filter. 

2.2 Additive Color Techniques 

Each of the four spectral negatives, which- together comprise the 
set of mul tispectral photographs, is taken at the same instant by four 
matched lenses. Since the optical axes of all the lenses are normal to 
the film plane, four spatially identical negatives arc produced. Thus, 
all the images appear in identical coordinate positions as measured from 
the principal 'point of each negative (the intersection of the optical 
axis with the film plane) . then the film is processed and viewed on a 
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light cable, the set of multispectral negatives appear to be identical . 
except that the densities of the same image may diff-" 1 between them. 

This difference is causal in part by the selective spectral reflectance 
of ground objects, a fact which, in the visible spectrum, accounts for 
their apparent colo: 

Color is an effective means of discriminating density differences 
between similar images which appear on sets of multispectral negatives. 
•This is done using additive color techniques first demonstrated by Cleric 
Maxwell over 100 years ago. By projecting positives of each spectral 
negative on to a screen in such a fashion that one is registered upon 
the other (using a different colored primary light source for each), 
a composite color rendition of the ground scene is formed. 


Color may be defined as that conscious sensation which is exhibited 
when i.ight of' a specific spectral energy distribution enters the eye. 

It has been experimentally shown that differences in this energy distri 
bution, wnich caase variations in the observed response of the eye, may 
be described in terms of three distinct, psyccphysical variables. The 
first is hue which is basically that quality of color which leads to the 
definition of an object as being red, or green, or yellow, etc. As 
white light is dispersed by a prism, it is broken up into a multitude 
of hues each one of which may bo related to a corresponding value of 
wavelength producing a dominant wavelength which in turn enters the eye 
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to produce the sensation of hue. Saturation, the second quality of 
color, is described as the amount of white in ° giw K, tc. It may be also 
considered as the concentration of the color. It is the difference be- 
tween red and pink. As the amount of saturation in a color decreases, 
it approaches pure white. Brightness, which is the third variable of 
color, is described as tire amount of visible energy contained in a cer- 
tain hue which is saturated to a specific value. For example, fire color 
royal blue, is identical to tire color navy blue except that navy blue 
has a lower brightness value. 

It has been estimated that tire human eye can differentiate between 
7 ., 500, 000 and 19,000,000 color ..differences over its sensitivity range. 
Thus, it is impossible for scientific purposes to use subjective terms 
for the unambiguous description of a color. The human eye is a relatively 
insensitive instrument when used to uniquely describe tire appearance of 
an object with respect to its color. It is for this reason that a mathe- 
matical conception of the three variab 1 cs . defined above be employed to 
describe that response (by tire eye or a recording instrument) to the 
stimulus known as color. IVe may envision these three variables of lrue, 
brightness and saturation with the aid of a three dimensional color solid 
shown in Figure 5. -Tt consists essentially of a solid cone standing on 
its apex with tire hue positioned around tire periphery of tire solid, tire 
saturation existing somewhere- along - the line connecting tire center or 
.white. point with tire hue of interest and the brightness varying with 
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position along the vertical’ axis. More precisely, the color solid is 

not a cone, but rather a rounded triangle. A horizontal slice through 

this solid, perpendicular to the brightness axes is known as a chroma* 

ticity diagram and is shown in Figure 6. in which certain colors have 

beeh identified. In order to pictorially describe the exact hue, bright- 

/ 

ness and saturation levels of a color it is first necessary to determine 
the brightness level, place an orthogonal plane through the color solid 
at that level and dcteimine the line and saturation in this plane. 


It should bo emphasized that the mathematical study and description 
of color, which is known as colorimetry, only indicates the specific 
values of hue, brightness in id saturation which are being measured and 
not the energy distribution of the color as a function of wavelength. 

The theory of colorimetry is based upon the concept that any color which 
exists in reality- can be matched by some combination of three given colors 
or primaries.' However, it has been demonstrated that there does not 
exist a single set of primary filters which can yield every color. In ' 
multispectral photography, a judicious choice of (camera) filters must 
be selected depending upon the spectral reflectance and the general do- 
main of colors which are to be reproduced. For the reproduction of true 


color using additive methods , the primary colors shown in Figure 7, which 
are red, green and blue, have been selected for twx> distinct reasons. 

. t 

First, it is desirable to maximize the area of the inscribed triangle 
since only those colors within that triangle may be reproduced by a com- 
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bination of the three primaries. Secondly, the triangle is positioned • 
so that one side lies close to the locus of the mire ectrum of the 
- green -yellow-red colors since tliese coJors appear in nature but the 
pure spectrum colors in the cyan portion of the chromaticity diagram 
do hot. 


Tiie trichromatic system of color definition is a calculation of. 
tile fractional components, of spectrally defined red and green primaries 
(-referred to in colorimetry as the tristimuiu^ values) for a given color. 
They are designated as sc and y respectively- ianu are known as trichromatic 
coefficients. These represent the percentage of standard, rad and green 
primaries required to produce a hue and- saturation match to the color. 
a third value, Y, -represents the luminance or brightness, level c Uiiv 
color. lire standard chromaticity diagram mentioned above is a plot of 
the color in terms of x and v. The dominant wavelength of a color is 
determined by the intercept of the spectrum locus with the line which 
connects the ill uminant point (the white point) and the color itself. 

The relative distance between the white point and die color and, the ' 
color and the spectrum locus is the saturation. 


Ir. multi spectral photography, colorimetric measurement is a useful 
tool to remove any anomolies associated with the visual response- of 
the observer . : Hie persceptibiiity of differences in the C.I--.E. chro- 
maticity diagram are shown in Figure S. Generally, colors which appear 
identical on a viewer sccrcen to an observer, will not exhibit the 'same 




FIGURE' ~-7 

COLOR TRIANGLE: ALL COLORS WHICH LIE ON THE BORDER OR INSIDE THE TRI- 
ANGLE CAN BE REPRODUCED BY THE PRIMARIES AT ITS APICES. SATURATED 
CX AN (TO THE LEFT OF THE TRIANGLE) IS RARELY, IF EVER 'ENCOUNTERED IN 
NATURE. 
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FIGURE *8 

APPROXIMATE PERCEPTIBILITY OF CHROMATICITY DIFFERENCES ON THE CIE 
CHROMATICITY DIAGRAM. 

; The distances from .points on the boundary of each ellipse to the 
indicated point within it all correspond approximately to one hundred 
. times the 'chromaticity difference just perceptible with certainty under 
moderately good observing conditions. 
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energy distribution and may indeed be xjuite different spectrally. The 
advantage in usin & a ti Achromatic measurement of an image is that the 
resultant color measure is completely dependent upon the psyco-phvs ics 
of the situation without any side effects of the human eye (e.g. , simul- 
taneous contrast elihancement) without regard to the phenomenon itself. 

* r 

In the event multispectral photography is taken under cloudy or 
overcast conditions 4 the reflectance spectra of a ground object will u 
not only be reduced in intensity but the curve will be altered in its 
shape. If there is no data available on the lighting conditions, the 
spectral reflectance variations with respect to some standard illi&ninan! 
of a ground object will be attributed to properties of that object. 
Conversely, it is possible for an observer to falsely interpret some 
phenomenon in the ground scene because of what he feels t o be a differer 
illumination condition when in reality it. may actually be an environmen- 
tal variable which produced the observed image characteristic. Such 
distortions of colors and brightnesses of ground objects can be elim- 
inated by the ability to simulate’ a standard illumination condition 
(such as noon sunlight) regardless of the actual intensity and spectral 
distribution of the scene illuminant as long as the relative intensity 
of the illuminant in each "spectral band is known. 

In order" to control the appearance of a ground object on the mul- 
tispectral photography, a multitude of colorimetric and spectroradio- 
metric instruments have been employed to record not. only the inherent 
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Rear projection viewer superimposes 
' four spectral- photos taken by the 
camera creating a composite pre- 
sentation in co I 01 



FIGURE * -10: VIEWER OPTICAL SYSTEM 

.The optical projection system of •' 
the viewer gives in registered 
superimposition of all four spec- 
tral photographs on a rear pro- 
jection screen. The illumination 
system allows the interpreter -to 
control the brightness, hue and 
saturation of the image on the > 
screen. ' 
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color of tiie object under the incident solar radiation encountered in 
the field but also its reflectance spectra. THs pe:~’ts an accurate 
comparison of the chromatic ity of natural objects from the ground and 
from the additive color image presented on the viewer screen. 

Often, the chroma ticity of an object and its background lie rea- 
sonably close when plotted in the color solid. When this ?s the case, 
it is often judicious to employ a set of color projection filters which 
bear no resemblance to the taking filters but which have the effect of 
increasing the apparent chromatic difference between the ground object 
of interest' and its background. -This so-called false color mode can 
be made as distinct as the taking filters permit. .The use of broad- 
band filters in the camera which overlap along the wavelength scale, 
may in some cases, make it impossible to chromatically separate the 
-target image from background image. If however, the phenomenon, of 
interest 'requires a set of narrow band taking filters, which area them- 
selves non-overlapping, considerable color differences may be obtained. 

2.5 Multispectral Viewer 

The multispectral film viewer used in the experiment is bhown in' 
Figure 9, It is a desk type console which displays a rear projection 
screen to the operator. Optically, the viewer is an'anolog of the 
taking camera. The four multispectral film images, each with Its in- 
depent illumination system, are superimposed onto the viewer screen at 
a three times magnification and in precise registration, using the optical 
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design shorn in Figure 10. Misregistration of -one image upon the other,, 
when projected on the viewer screen, should net be g/oater than .1 milli- 
meter so that no blur will be discemable at a standard viewing distance 
of 18 inches. The fixed magnification projection system utilizes four, 
five inch focal length, f/4.S lenses. These lenses are critically matched 
so that their eqivalent back focus dimensions are within a few thousandths 
of an inch of each other. The differential distortion of the projection 
lens is matched in a unique way. As shown in Figure 10, a different part 
of .the field angle of each viewer lens is used to project the image. 

i 

This requires that the distortion of the lenses be different across their 
whole field but matched for all field angles associated with conjugate 
images®. ' . 

Each' of four images projected on to the viewing screen has its own 
• dual illumination system which is also. shorn in Figure 10. This viewer 
utilizes' 3200 degrees Kelvin lamps, which have the advantage of being 
quite bright with the appropriate filament configuration to best fill 
the. aperture of the projection lens. The brightness illumination passes 
through a neutral density filter, a spectral filter, a beam spliftei 

and a condensing lens to illuminate the positive spectral photo. The • 

¥ , "\ * 

greatest- loss in eneigy throughout the system occurs through the spectral 
or color filter. The second half -of the : .iliumination system is set at 
90 degrees to the. brightness lamp aiid is employed for purposes, of desat- 
uration.- -Its -illumination is reflected from the beam splitter and is 
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added to the brightness illumination as modified by the color filter. 

The filters associated with the brightness illumination system controls 
the hue and brightness while the addition of a desaturation selection 
provides the photo -interpreter with complete contol over the displayed 
color. 

Film flattening is provided by two optically polished glass plates, 
one of which is fixed to the viewer itself and, is considered the focal 
plane or object plane of the viewer optical system, The other is mounted 

' m i 

off the carriage through a spring loaded cam mechanism. This movable 
plate is raised off the freed glass platen by means of a foot pedal during 
the transport of the film. Tnis mechanism insures separation of the 
plates and avoids film scratching, A film guide is also provided to in- 
sure an even transport of the. film in the horizontal plane, thus main- 
taining the registration which had been designed into the camefa system. 

Experience has indicated that the most satisfactory screen material 
for general rear projection viewing is a white Polacoat Lenscreen. Al- 
though other screens (such as the Kodak Dayview screen) provide a sane- ' 
what brighter image, the fall off with incident obliquity is more pro : 
nounced and the resolution capability is somewhat less. It was noticed 
however, that with the type Lenscreen used, considerable color infidelity 
existed when photographic reproductions of the multispectral viewing 
screen were attempted. A recently developed type of plexiglass Lenscreen 
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which is designed specifically for exposing accurate color photographs 
of rear projected scenes has been used for photograph: c reproduction 
of the screen image. 

In summary, the multispectral viewer projects four multi band images 
contained cn a single piece of film (each one of which has a resolution, 
of 45 lines pairs per millimeter) at a magnification of ting 

in a screen resolution of about 15. lines per millimeter. Since the 
average eye resolves sevennlines per millimeter at a normal 18 inch 
viewing distance, a permissable misregistration which dees not exceed 
,0056 inches has been specified and designed into the camera-viewer sy- 
stem. Each projection lens has its own brightness lamp and filter set 
which illuminates one of the spectral records as well as a desaturation 
lamp. By; placing various combinations of projection filters into the op- 
. tical path and by linear transportation of a filter, rack, the scene on 
the viewing screen appears in color. An important feature of the sy- 
stem is that it frequently enables, through proper choice of camera and 
viewing filtration, the detection, recognition and identification of ob- 
jects by color differences which would not otherwise be visible. 
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SECTION 3 ' 

THE EFFECTS OF FH0 1 L PROCESSING ON IMAGE QDLOR CHARACTERISTIC S 


The chromatic characteristics of the multispectral image which is 
formed by additive color methods on thevviewer screen are significantly 
affected by the photo processings technique® used. The relationship of 
exposure (or its radiometric equivalent) to density on both the negative 


film used in the camera and the positive transparency printed for pro- 
jection in the viewer is a critical consideration. Also a significant 
parameter, often overlooked, is the maximum and minimum density of the 
duplicated positive image. 


Herein the fundamental relationships- of the additive color image 
are examined in some detail in order to' present to the reader the -signi- 
ficance of photo processing and how errors associated with processing 

* 

may be reduced or eliminated. Specific examples, experimentally obtained, 
are included to demonstrate salient points. 

^ r 

3.1 Characteristics of the! .'filtiband Negative 

I'Jhen a multiband negative ‘is properly exposed and processed to a 
gamma of 1.0, a one to one correspondence will be created on the linear 
portion of the characteristic curve between the radiation reflected by 
ground objects and the corresponding density of the images on the film. 
Frequently however, as will be demonstrated in the latter part of this 
section, a gamma considerably greater than unity is necessary to chomatically 
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differentiate objects whose spectral signatures may be nearly similar. 

An ideal set of multiband negatives will reproduce s grey scale 
target having unifrom spectral reflectance and which is illuminated by 
a uniformly distributed source of radiation in such a way that the image 
density of each grey scale is the same on every cnecof the individual, 
multiband negatives. This exact matching of exposure and gamma in the 
different spectrao. Dands which are used is very difficult and frecpientlv 
not possible. 

Ihe difficulty in exactly matching the exposure density relation- 
ship {the characteristic curve) is due almost entirely to the effect of 
the wavelength of radiation which strikes the photographic emulsion. 

V/hen one roll of film is used to expose all four spectral bands of dis- 
tinctly different wavelengths, in general, the characteristic curve 
associated with each band will be different. This condition is* unfor- 
tunately encountered in panchromatic emulsions. This effect is shorn 

C 

in Figure 11, in which the characteristic curves for Infrared Aero graphic 
film (5424) exposed with the filters used in the experiment. 

The so-called Aerial Exposure Index (or speed) of photographic 
emulsions used in multiband photography also varies depending on both 
the spectral sensitivity and the filtration used. The Aerial Exposure 
Index is defined as .5 divided by the exposure (meter candle seconds) 
at the point where the shape of the characteristic curve is .6 times 
the gamma, (the tangent of "the angle made’ by the linear part of the curve 
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and x axis) . Figure 12 shows the absolute relationship of the char- 
acteristic curves and the differences in photographic speed for Aero- 
graphic infrared film (5424) using filters similar to those used in 
the experiment. 

The careful reader will note that exposure is measured in photo- 
gstric units of meter candle seconds and' hence 'is defined only. for the 
visible, spectrum. The exposure of the infrared band contains no visible 
light arid is really not capable of definition in terms of photometric 
exposure. It has been the practice in infrared (and ultraviolet) aerial 
photography to use the fiction that the exposure in this non-visible 
region consists of the meter candle seconds n£. a standard energy source 
(Luminant C) which has a predefined spectral distribution of both visible 
and infrared- radiation. This practice has the' effect of making exposure 
calculations for the infrared bands extremely difficult to determine in 
practice- besause of deviation of the spectral distribution of solar radi- 
ation from this standard. Accurate and unambiguous exposure can be ob- 
tained in multiband photography by using absolute radiometric units (watts 
per centimeter squared) in each spectral band. This was the technique 
used in this experiment and resulted in very -accurate calculations of 
exposure as will be seen from the experimental results to 'be presented 
in Section 5. 

It should be noted that the : intensity of the energy which forms 
the image on the photographic emulsion of an airborne multispectral camera 
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does not depend on the distance between the object and the lens of the * 
sensor. That is, when mi object is a sufficiently large distance with 
respect to the focal length- dfvthe camera, the .intensity of the radiation 
which forms the image is: 

.1 -• B / IT . 

. -2 
4 t 

Where: B = incident intensity:, of radiation thr.es the 
reflectivity of the object. 
r - f/ number of the lens 

In obtaining actual multispectral photographs, the experimentor must 
also -include thee actual lens and filter transmission- characteristics 
in the above equation. 

3.2 Tone Reproduction 

In order to accurately represent to the human eye the reflected 
light from a particular ground scene, there must exist (in the language 
of mathematics) a cne to one mapping from the object luminance space 
into the positive density space-. Assume that the negative has been 
well exposed and processed to a particular gamma. A tone reproduction 
curve may be constructed to represent the fidelity with which combination 
negative and positive transparency reproduces the brightness of the ori- 
ginal ground scene. A typical tone reproduction curve is shown in Figure 
13, which represents the fidelity with which the red spectral band re- 
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FIGURE . *13: TONE REPRODUCTION DIAGRAM 

This diagram shows how well the red spec 
tral negative and duplicated positive 
reproduced the original scene brightness 
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produced the five step grey scale under noon illumination at Davis, 
California on 31, July 1967. Quadrant I of this figure shows the 
characteristic curve of the spectral negative . The densities on 
the negative of the displayed grey scales in the- scene were measured 
and -the target brightness in relative units related to the photographic 
exposure on' the- negative film. The -corresponding- characteristic cum 
of the positive transparency was obtained through similar measurement 
of the grey. scale densities of quadrant II. Vertical lines from several 
points connecting the negative and positive characteristic curves are . 

x t 

made to intersect a 45 degree transfer line in quadrant III. By extending 
horizontal lines from quadrant III toiintersect vertical ' lines from the 
original negative curve of quadrant I," and indication of reproduction 
process is obtained. Thus, the locus of all intersected points from 
the negative and positive characterisitic curves yield Hie" tone repro- 
duction of quadrant IV, For exact reproduction, the curve in quadrant 
IV should appear as a straight line? Air. indication of the reproduced 
departures from this norm are made by comparing the curve A with the 
curve B. 

I* 

3.3 How Image Density is Related to C olor 

In order to create an additive color presentation from a set of 
black and white multiband photos, each photograph must be projected by 
an optical system, each using a different colored light source, onto a 
screens in such a way that the images are accurately registered with re- 
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spect to eachc other. A different proportion of light will be present 
in the screen image depending upon the densities of the image on each 
multiband photo which is projected. 

In establishing the relationship between density of individual 
black and white image's and the color characteristics of the correspon- 
ding recombined image that is projected on the screen,, consider the t\ 
three primary taking filters, blue, green and red, that were; used -in 
this experiment. Each multiband negative was exposed through one of 
these filters, processed to obtain a specific characteristic curve 
(gamma); a positive image was made by exposing the negative onto dup- 
* Heating film and processing this film to obtain a specific relationship 
between the brightness of the ground scene and the density of the image 
on this positive transparency. 

Bjr projecting each of these. multiband positives using similar blue, 

green and red filters to form the aidditive color presentation on a view- 

* 0 

ing screen, a so called n true color" rendition of the ground scene -is . 
created. The fidelity of the colors of the image compared to the ob- 
ject is not perfect. In order for the . image to be a perfect reproduction 
of the color of the object it would be necessary to. photograph the images 
exactly as would be recorded by the stimulation of the visual response 
mechanism of the human eye, shown in Figure 14. To date it has not been 
possible to construct with complete fidelity filters whose transmission 
could be supplemented by the response of a photo sensitive material and 
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the iliuminant falling on the scene such that these curves are exactly 
reproduced. Due to the necessity to create a less than zero exposure, • 
it is usually assumed .that it is theoretically impossible to obtain ab- 
solutely perfect color reproduction without using the human eye. These 
facts not withstanding, a very close true- color reproduction of a ground 

• f 

scene is possible with the blue, green and red filters- used in the ex- 
periment. ‘ . 

As discussed in Section 2, not all colors can be reproduced using 

- i 

one particular set of filters due' to the shape of the color triangle 
created within the chromaticity diagram (see Figure 7) . No difficulty 
will be encountered in reproducing colors whose dominant wavelengths- 
lie close to the transmission peaks of the taking, filters. However, 
in order to reproduce the cclors of objects which reflect only dominant 
wavelengths associated with; -secondary colors yellow, cyan, it is nec- 
essary that there exist a wavelength overlap between the taking primaries 
as shown in ‘Figure 15, That is, the overlap region' between the red- and" 
the green filter will yield the yellows and in similar manner the over- 
lap region between the blue and green filter will yield cyan* color. 

The number of millimicrons of overlap indicate the spectral region in 
which the secondary colors can be reproduced. Fortunately, for true color 

reproduction, most colors in nature are composed of broadband which cover 
* 

a considerable wavelength range. 

The reproduction of the secondary colors is also dependent on the 
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camera exposure. Since the region of overlap (Joes not possess the ampli- 
tude of transmission which the primary colors A z t to 'hort an exposure 
will render only the primaries visible. As the exposure time is increased 
the secondary colors will become apparent. 

!n view of thb foregoing discussion, the image density on each of 
thf* multiband jiositives can now be related to the additive color irags 
which they produce: 

1 - Where the densities on all the multiband positives 
are equal, a condition of zvro saturation exists; 
the image is a shade of grey (adiromatic) . Tills 
is due to the fact that the human eye sees equal 
amounts of blue, green and red which are combined 
in the image as being white Hit brightness of 
luminosity of the white color which is perceived 
depends on the total euergy combined in thz hiiage. 

I - Hie color of the image is a function of the ratio 
of the three colors vSiich are projected to form it. 
Since the densities on each multiband photo are 
a logarithmic relation of the image forming energy, 
the chromatic ity is obtained as the weighted average 
of the three densities. 

3 - The additive color image will faithfully reproduce 
the color of an object at a gamma of one. Increase 
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in garii,jia above unity will increase the saturation 
. of the image color above that of the object* Con- 

vers *ly r a garrr E a less than unity will decrease the 
saturation of thu additive color image, 

4 * The magnitude of the minimum density multispectral 
image establishes the brightness of the additive 
color iitage, 

3*4 Lty^ri^anl dj Results 

The theoretical considerations discussed arwe were empirically eval- 
uated during The course of the experiment, A four color target was 
placed on the ground along with a five step grey scale, ttiltiband 
imageiy was obtained at 1000 feet, altitude at Davis, California at 1130 
PDT ( 31 July 1&67. 

Sin^e calibrated grey scale was used along with the coloi panels t 
it is possible to relate the density character i sit i cs of the image di- 
rectly to the brightness cf the ground scene by comparing the image den- 
sity on the positive w f ith tlie reflection density of the grey scale* 

In this way die fourth quadrant of the tone reproduction diagram was 
produced directly without the necessity of using the individual negative 
and positive characteristic curves shown in quadrants T and II [Figure 
15). 

Four reproductions of the viewer screen additive color image are 
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shown in Figure 16. Each rendition has been created by the addition 
of the blue, greoa anu *cd spectral bands to foil a "true color n re- 
production of both the color targets and gr ey scsle on the ground. 

Each of the sots of spectral positives was processed and projected so 
that the grey sclae target remained aeromatic (without color) * me 
characteristic curves of the multi spectral photography associated with 
these photographs ( and hence the gamma) are shown in Figure 1?. Mote 
that longitudinal displacement of the green spectral diaracieristlc 
curve away from the red and blue is compensated by the adjustment of 
the brightness When the image is projected in the additive color viewer. 
Non-linearity of the characteristic curve ot the r^d spectral bend 
(graphs A and h of Figure 17) presents a moiv serious problem. In cases 
where the slppe of the characteristic curve (gauiiia) of the blue, -green 
and red spectral positives differ, the color of an object wilt vary 
with exposure. For instance, a grey scale surh ^ that shewn In Figuie 
Id might typically be bluish at the dark end, gny in the center and 
reddish at the bright end. 

Color measurement of the chromaticity of the four color images and 
the lightest grey scale is shown in Figure 18. Note how the color be- 
comes more saturated (moves away from the center of the chromatic ity 
diagram) as the gaums is increased. In all cases the image of the 
lightest grey scale has been placed at the chromatic ity coordinate 
(Ml) in the diagram by manipulation of the viewer controls* In theory. 


FIGURE 16-A 


FIC3IRE 16-3 


FIGURE 16-C 



FIGURE 



MR-TISPECITTAL TRUE COLOR REPRODUCTION OF TARGET 
PANELS AND GREY SCALES RJOODGPAPHED AT 1C 00 FT, 
ALTITUDE. GA'MA INCREASES FROM TOP TO BOTTOM RF: 
SUITING IN INCREASED SATURATION OF ALL COLORS, 
NOTE THAT IN ALL K*IR PHOTOS THAT THE GREF SCALE 
REMAINS "COLORLESS" AS COLOk PANELS BECOME MORE 
SATURATED. 
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all the points should lie on a line from the center of the diagram. 

The deviations from a constant dominant wavelength is probably caused 
by variations in processing, parti cul ally in the red band, as pre- 
viously noted. . 

. An often overlooked aspect .of ' color reproduction is the effect, of. 
the maximum and minimum density on the color of the -image produced. 

The effect of reduced brightness as the maximum density is increased 
while the gamma is kept constant is shown in Figure 19. Relatively 
dark objects such as the green target panel and glass areas lose colop 
first while brighter objects such as the yellow target and soil still- 
remain, relatively blight to the eye. 
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VARIATIONS IN BRIGHTNESS OF TARGET PANEL DUE TO 
VARIATIONS IN THI l DIFFERENCE BETWEEN HAXIMJM AND 
MINIMUM DENSITY, 

FI CURE 19 


*5S* 





hong Island University 

Science Engineering Research Group 


Technical Report S!;RG-TR-04 
1 September 1963 


SECTION 4 

INCIDENT SOLAR RADIATION, 11 Hi SPECTRAL KJTTLCTANCO AND DOLOR Of GROUND 

objects:' ~ - — * 

The quantitative analysis of the chromatic characteristics of mul- 
riband and conventional color photography is greatly facilitated by 
measurement of the color and spectral characteristics of "standard * 1 2 3 * 
targets tsnbedded in the environment* In order that temporal errors 
may be eliminated, it is essential that these measurements be made at 
the time tile photography is taken. This daia has three important pur- 
poses * 

(1) It allows an independent check to be made 
on exposure calculations and film process - 
h ig charac ter j s t ics . 

(2) It penults coi.ipDiisa t ion of the effects of, 
incident solar radiation and the spectral 
attenuation of the atmosphere on the char- 
acteristics of tiic color image. 

(3) The chromatic characteristics of images of 
other "natural" objects in the environment 
{e.g. ( soils, vegetation, etc.) can be re- 
lated to a standard system of color mea- 
surement . 

At each test site the standard target consisted of an array of four 
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color panels: blue, green, yellow and red and a five step grey scale 
which had nominal reflectance values of 4, 8, 16, 57 ^nd 64 percent* 

The intensity and spectral distribution of incident so'a^ radia- 
tion was obtained each time the reflectance spectra and color of the 
panels were measured* In this way it was possible to measure tne ef- 
fect of variations in the incident radiation on both the spectral it- 
flectance characteristics and color of the panels. 

SpeCtrorad iometr it measurement of incident solar energy was ob 
tained using a battery operated spectroradiomett ; covering a range of 
3SD to 1250 nanometers (See appendix A)* The instrument incorporated 
a iambertian detector stir face which resulted in measurement of the 
total energy (sun plus skylight) falling on the earth's surface. The 
sensitivity of the device rrnged from 0,01 to 1000 microwatts per cen- 
timeter squared per ivanomctcr with a half power bandpass of 1 *C nanometers 
in the visible range and a 10 nanometer bandpass in the infrared yerti^n 
of the spectrum* Ihc relative accuracy of the data obtained (nut the 
absolute accuracy) was plus or minus 3 percent. 

Reflectance measurements were mud** using two narrow angle (12 
degree total field) spec t ro radiometers, cne covering 350 to 750 nano- 
meters and the other 750 to 1 350 nanometers (See Appendix A) , The 
bandpass of the instruments was 5 nanometers in the visible spectrum 
and 10 nanometers in the infrared* The relative point to point accuracy 
of the reflectance spectral data obtained with these instruments was 
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plus or minus 2 1/2 percent. 

colorimetric measurements were taken using a photo-electric color- 
imeter which read the tristimulus values (X, Y, *§) of the object as il- 
luminated by natural sunlight. The specific details of this instru- 
ment and the three spectrcpadiometers.discuss.ecLaboye are. presented in 
detail in Appendix A which includes information on the calibration of 
the instruments. 

4,1 Incident Solar Radiation 

The intensity and spectral distribution of solar radiation fall- 
ing upon the earth's surface is known to vary with solar angle and at- 
mospheric conditions. Knowledge of the characteristics of solar energy 
which actually strikes the ground is important since an object will 
reflect different amounts of this radiation in each specrral band sensed 
by the camera in direct proportion to that which falls upon the object. 

% 

Theoretical analysis of solar illumination based upon air mass cal- 
culations and Raleigh scattering of the aerosols are of little practical 
value in predicting the spectral distribution of solar energy which 
actually reaches the ground. This is primarily due to the existance 
of unknown amounts of Mie scattering and absorption in the atmosphere 
due to particles which are large compared tc the wavelength of the ra- 
diation. 

Eigure 22 demonstrates this condition. ' Spectro radiometric readings 


- 62 - 



10 X tO TO Vi INCH 
7 X JO JN. • A I O, NLNE® 
KcurPLL a csoer'co. 


4C> 1327 

*M)u IN t . 3. A. 


SPBCTRAL DISTRIBUTION OF INCIDENT SOLAR RADIATION 

Hie intensity said spectral distribution of solar- radiatior 
falling, on flat ground varies with time of day (solar al- 
titude) and with atmospheric conditions. 
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of solar energy (both sunlight and diffuse skylight) using, a lambertian 
.detector were measured on 30 July 1967 at Davis, California. Spectral 
intensity in microwatts per centimeter squared per nanometer from 380 
to 11SC nanometers was measured at five times during the day. 

The first- feature clearly evident from this data is the large vari- 
ation in intensity with wavelength' as a function of time (solar angle) . 
The characteristic absorption band below 380 nanometers and' at 9S0 
nanometers is also clearly evident for all the times recorded. Of par- 
ticular significance, however, is the presence of considerably mere in- 
frared radiation in the 700 to 900 nanometer band in the afternoon com- 
pared to the morning. The reader will notice that although the visible 
radiation, 400 to 700 nanometers, has an average increase in radiati on 
of 8 percent (with a maximum of 13 percent) in the afternoon, the infra- 
red radiation in the 700 to 900 band exhibits an average increase of 
25 percent and is occasionally as high as 40 percent in the afternoon 
compared to- the morning. The reduction in visible light in the after- 
noon is conventionally attributed to the absorption of smoko and dust 
particles in the atmosphere. 

The effects of variation in the solar radiation in the solar radiation 
striking the terrain, if known, can be compensated in multispectral photo- 
graphy since the exposure in each spectral band can be independently 
adjusted. Color infrared film on the other had has fixed spectral sen- 
sitivity of the individual dye layers and consequently the images of 
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ground objects taken under these conditions appear more red in the 
afternoon than in the morning. 

There is one aspect of solar illumination that can not be compen- 
sated by variation in exposure in the multispectral camera. Tills is 
the spectral difference between the solar radiation illuminating’ the 
ground and the diffuse skylight which illuminates shadowed areas. Fig- 
ure 23 shows a comparison of direct sunlight and diffuse skylight made 
at the same time on 30 July 1967 at Davis, California. In addition 
to the obvious reduction in intensity, skylight is predominantly blue 
which results in an apparent increase in the blue band exposure when 
an object is in the shade of topographic features. The reader must 
be cautioned that the spectral distribution of the shadows cast by 

i 

trees may be quite different from that shown in the pfeceeding figure 
due to transmission and secondary reflection of the leaves. 

4.2 Spectral Reflectance of Ground Objects 
\ 

Remote sensing instrumentation in the .26 to 3 micron band of the 
electromagnetic spectrum practically without exception utilizes solar 
radiation as the energy source. As was seen in the preceeding para- 
graphs. this energy varies continuously during the day due to sun' angle 
and atmospheric conditions. The spectral distribution of solar energy 
which is reflected by a ground object will also vary as a function of 
both the orientation of the object and its absorption- transmission- 
ref lection characteristics . 
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Not only is the spectral intensity of sunlight and 
diffuse skylight (which illuminates shaded areas) 
different, but also their distribution is quite 
dissimilar. Shaded areas, are illuminated by light 
having larger proportion of blue resulting from 
diffuse skylight illumination. 
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Figure 24 demonstrates the significant differences which exist be- 

t 

tween laboratory spectrophotometric measurements of the reflectance 
spectra of color target panels and field measurements which utilize 
solar radiation as the illuminant. In order to facilitate comparison, 
the field spectral data have been normalized to noon sunlight conditions 
that existed on 30 July 1967 and then equated to the laboratory data 
at 555 nanometers. The blue and green panels are seen to exhibit con- 
siderably reduced reflectance under natural sunlight compared with 
laboratory measurements. The red panel on the other hand, shewed ap- 
proximately a 22 percent reduction in reflectance at 725 nanometers but 
an' 18 percent increase at 800 nanometers ♦ It must be emphasized that 
the reflectance, characteristics of objects under natural solar radiation 
are continually changing as a function, of the intensity and distrifcu- ' 
ticn of the illuminant. For this reason, the density of the image 
which appears on a spectral photograph can not be predicted on the 

basis of laboratory spectrophotometric data showing percent total dif- 
* 

fuse reflectance as a function of wavelength. 

A remote sensing instrument is a perspective sensor. It views a 
particular ground object at a specific angle with respect to the sur- 
face normal or nadir. This angle depends both on the orientation of 

the object and the orientation of the sensor. Each image recorded by 

* 

the camera on the photographic emulsion is taken at a different per- 
spective angle. Solar radiation also falls upon surface objects at 
varying angles of incidence depending on the time of day and the orien- 
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tation of the object. The question. arises, "what effect do these sng~ 

f 

ular relationships have upon the reflectance spectra of the object as 
recorded by the sensor?" 

Figure 25 demonstrates this important and unresolved problem. 

Three grey scale panels having nominal reflectance values of 64, 32 and 
• * “ 

16 percent were placed on the ground at Davis, California on 30 July 
1967, The surface of the panels was textured to minimize specular re- 
flectance from the surface. Simultaneous measurements were. made of 
the spectral distribution of the incident sunlight and the reflectance 
spectra of the panels. The reflection spectroradiometer was oriented 
90 degrees to the incident light in order to eliminate any possibility 
of specular reflection from "the' panel surface from- being measured. 

In order to remove the effects of the spectral distr ibuti on ox the 
solar radiation, reflectance data were normal ized to a percentage of 
that incident at each wavelength as follows: 

2 

Reflection (w/cm /nm) ’ 

1 ./. —'- 2. x 10Q 

2 

Incident (w/cm /nm) 

What' is shown then ift Figure 25 is the non-lambertian spectral re- 
flectance of the three panels under identical conditions. It can be 
seen that at 425 nanometers the reflectance is six percent greater for 

, * i 

the 64 percent panels. At 950 nanometers the 64 percent reflecting 
* 

panel. -reflects six percent more than the laboratory values, the 32 
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percent, f four percent more and the 16 percent, five percent less. 

/ 

r 

Thus, - the reader can see that even the most carefully constructed, 
uniformly reflecting target panels do not reflect radiation equally in 
all angular directions. The reflectance spectra depends on the rela- 
tive angle of the incident radiation, the orientation of the object as 

t 

well as the perspective angle of the sensor. 

Figure 26 presents a comparison c£ all three methods of measuring 
the reflectance spectra for the nominal 32 percent reflectance grey 
scale target. Rrom this plot it can be seen that the camera sees quite' 
a different target characteristic then one would suppose to be the case 
from the laboratory spectropho tome trie data. 

4.3 The Color of Ground Objects Under Natural Illumination 

The perceived color of ground objects is a function which ds known 
to depend at least on the spectra of the illuminating light and the re- 
flectance characteristics of the surface structure of the object. How- 
ever, identical colors can be perceived for the same object under an 
infinite variety of illuminants and refletance characteristics. For 
instance, under Luminance C sunlight, the color of a yellow filter 
l(ft T ratten 12) can be identically matched by the additive mixture of 
light through a green filter (Written 74) and a red filter (Wratten 25) 

, t 

even though the latter two filters transmitt no light at 575 nanometers 
which is the wavelength described as yellow. 
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‘The consequences of. this lack of uniqueness between color and spec- 
tra is critical for multispectral color photography as it is for photo- 
graphy using color films. The color of an image can only be used to 
differentiate objects if (1) the spectra of the objects have been ob- 
tained and taking filters, chosen appropriately and (2) the spectral ' 
distribution of the illuminant is known. 

Variations in the color of a green target panel as a function of 
different conditions of solar illumination between 29 July: and 4 August. 

t 

1967 is shown in Figure 27. By measuring the distribution of the il- 
luminant, and correcting it to a constant value, the colors of the panels 
can all be placed,. within. .the chromaticity coordinates shown in the cross- 
hatched circle in Figure 27. 

. Figure 28 shows a similar condition also exists for a achromatic 
(colorless) grey scale target panel. The apparent dominant wavelength 
of 5S0 nanometers indicates chat the targets have generally a slight 
yellow color under natural illumination when measured with reference 
to the International Standard Luminance C. 
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SECTION 5 * 

ilIE RESULTS OF THE EXPERIMENT 

Herein are examined the photographic results o£ the experiment. 

In general, a comparative methodology is used. to analyze the photo- 
graphic imagery which consists of relating colorimetric measurements 
of images on both multiband color and subtractive color films. ' However, 
the reader will note that this procedure may be modified occasionally 
depending on the particular situation encountered at a test site, the 
needs of the environmental discipline and the significance of the re-, 
suits obtained. Figure 29 shows the geographic location of the NASA 
agriculture, forestry, geographic and geolog)’ - test sites that were used 
in this experiment. 

The technique used to evaluate the images obtained during the ex- 
periment and which are interpreted by "user” scientists is that or an- 
alytical color measurement. The chromaticity coordinates of identical 

images on the multispectral additive color screen and in the subtract 

% 

tive color films are measured. These color signatures are compared to 
ground measurements . In those instances where false color space has 
been created, the uniqueness’ of the image color obtained for ground 
objects (such as safflower, milo, corn, etc.) has been measured as both 
functions of spatial, temporal or. 'environmental variables. 
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Tills methodology of analytical measurement of the image structure . 
is used to establish the accuracy, reproducibility uniqueness of 
the image forming capabilities of multiband and conventional color 
photography. It must be emphasized in the case of the images produced 
by multispectral color photography that all differences are due to the 
ability of the camera to adjust exposure independently in each spectral 
band and the capabiltiy of the viewer to alter the color space to suit 
the needs of the interpreter. The camera filtration was not selected 
on any a priori knowledge of spectrophotometric characteristics of the 
ground objects, the multsipectral camera filters being chosen to approx 
imate the spectral sensitivity of the color films that were used. 

5.1 Agr ic ulture 

The agricultural test site was located at the Agricultural Exneri- 

t ^ . 

mental Test Station, University of California, Davis, California. The 

geographic location is shown in Figure 31. 

» 

The photography was taken between 28 and 31 - T uly 1967. Figure 32 
shows four black and white positive reproductions of multispectral 
photography taken over the test site at 28,000 feet. The reader will 
notice that the images on these four photographs are in exactly the 
same spatial location on each photo. The only difference being the 
tone or density of the conjugate image on different photos. 
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FIGURE Z2-A 



FIGURE 32 -R 


FIGURE 32 -C 


PIiTLFRF 32 -!1 


FOUR POSITIVE REPRODUCTIONS OF INDIVIDUAL BLACK AND MUTE ME/TISPECTRAL 
mOTOGflAHLS TAKEN 0 VER T1IH AGRICULTURAL EXPERT MHMTAL STATION AT DAVIS, 
CALIFORNIA ON 31 JULY 1967. F DEM TOP TO BOTTOM: BLUE, GREEN, RED AVI) 
INFRARED RANDS. THESE PHOTOS l.TRE TAKILV AT EXACTLY THE SAME TIME BY 
THE POUR LEVS MJLTISPECTRAL CAMERA. THE SPATIAL LOCATION OF ALL IMAGES 
IS IDENTICAL ON EACH ft IOTO KITE I RESPECT TO THE PRINCIPAL POINT. THE 
DENSITY OF IMAGES DEPENDS ON THE SPECTRAL BAND. 

FIGURE 32 
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The additive color viewer superimposed the red, green and blue 
spectral photos to form a true color reproduction of the ground which 
is shown in Figure 33, The ground target panels are shown in this 
photograph, ■ The Ektachrome (8442) photograph is also shown in the 
center of this figure. This photograph vts taken at exactly the same 
time a* the unilt ispectrel photograph above it. The photo at the bottom 
of the Figure >6, shows the ground target which consisted of the four 
colors: green, yellow, blue and red* To th^ right of the target is a 
five gtep grey scale. 

The color of the panels was measured within plus or minus 1/2 hour 
of the time the photography was taken. The ehromaticity coordinates 
of the ground measurements of the color panels is shavn in Figure 34, 
The color of the ground panel images was measured on the Aerial Ekta- 
chrome film and is also shown in this figure. The color M the multi* 
spectral reproduction shorn at the of Figure 33 was adjusted to 
match as closely as possible the colors of all four ground targets in 
a single screen presentation. For the particular characteristics of 
photographic reproduction of both the negative and positive which were 
projected * it was possible to match the ehromaticity coordinates re- 
lative to the ground ehromaticity coordinates as shown in Figure 34. 
From the analytical description of colors shown in this figure, ue see 
that it was possible to obtain a much closer match to the ground colors 
using the additive manipulation of the color space in the additive sy* 
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TOP PiDTO IS A MULTISPECTRAL TRUE COLOR RENDITION OFIHJ FROM THE VIEWER 
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FIGURE 33 
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stem compared to the particular subtractive color film used. 

The spectral reflectance of the color panels is shown in Figure 
35. These measurements were not taken at exactly the same time the 
photography was obtained, however, they do give some indication of the 
relative reflectance, spectra^of -the-targets- under natural- illumination-. 

Figure 36 shows 'chroma ticity coordinates of four ground objects 
measured from the multispectral additive color viewer which were shown ' 
at the top of Figure 33, The-.colors have- been measured and plotted for 
ground objects of alfalfa, barley, bare soil, and tomatoes. The toma- 
toes t exhibited three- different growth conditions, being: newly sprouted 
iVl-antsy plants- that were;- flowering and' plants- developing tomatoes (ap- 
proaching maturity) . The images of the same objects measured on Aerial 

Ektadvrome are shown in Figure.37, It can be seen that the objects oc- 

* 

cupy entirely different chroma-ticity coordinates on Ektachrcme film as 
compared to- the additive color rendition. Figure 38 compares the chroma- 
ticity coordinates .of the four' ground objects as they appear on the mul- 
tiband color image and the Ektachrome image. The fidelity -of color re- 
production, which from an examination of Figure 54. is quite close to 
that of the ground in the multispectral additive image, is much less 
faithfully reproduced by the Ektachrome film. This is particularly true 
in the case of alfalfa and newly planted tomatoes. 

Figure 39 shows a comparison of four multispectral false color ren- 
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QIROMATICITY COORDINATES OF AGRICULTURAL FEATURES 
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ditions including Aerial Ektachrome Infrared (8443) . The top three 
false color multispectral renditions have been created by addition of 
the infrared band shown in Figure- 32 wi th the green and red bands 
and varying the hue and saturation of the col nr space to produce the 
effects shown in Figure 39. The. Ektachrome Infrared photo shown at 
the bottom of the page was taken at exactly the same time as were the 
top three photos. 

Figure.. 40 shows the chromaticity of seven ground objects they 
appear in each of these four photographs . This Figure shows us the 
chromatic color differentiating capabilities of each of the renditions. 

For instance, using multispectral rendition A, it was possible to chro- 
matically separate barley, milo, alfalfa, flowering tomatoes and com 
from each other quite well . Multispectral rendition B allowed chromatic 
differentiation of bare soil from flowering tGmdtces quite well but milo 
and alfalfa are close to each other in their color. 'Rendition C in the 
lower left of the figure separates many of the' ground objects well with 
the exception of com, alfalfa and milo which are quite close chromatically 
although the interpreter can more easily identify their color differences 

because of their position in the blue part of the chromaticity diagram, 

♦ 

The chromaticity coordinates cf these objects are shown for Aerial Ekta- 
chroroe Infrared in the lower right of Figure 40. Here we see a general 
bunching of the colors in the blue-magenta part of the diagram and also 
that the colors are not nearly as well separated as they were in any*- 
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of the above multiband. renditions. 

Figure 41 shows the relative position of similar crops in the four 
faj.se co ..or renuitions discussed previously. Here it can be seen that 
it is possible to position the colors of objects in the color solid de- 
pending on the method of projection the false color .multiband photography 
or by using false color subtractive films . 

j Figures 43, 44 and 46 are quite significant in that they show: the 
ability of multiband additive color techniques to establish the chroma- 
tic characteristics of images relating' to' the same ground object as a 
xunction of three variables: altitude, time of day and the spatial -spec- 
tral characteristics of the particular object,. Figure 42 shows the 
false color rendition of an area of the test site -in which the green 
band has been projected as blue, the red band projected as green and 
Ul ° infrared as reu. The photo at the top of the Figure 42 was taken 

at 28,000 feet. The center photo was taken at 15,000 feet and the photo 
\ 

at the bottom of the page at 3.000 feet, all taken on 3? July 1967. 

The image appears in all photographs as shown by the annotations in the • 
top two photos. 

Figure 43 shows the chromaticity- ocordiantes of three crops as they 
appear in each photograph. The crops are safflower, com and milo. 

In this figure we see that safflower exhibits a reasonably tight grouping 
about dominant wavelengths between >550 and 560 nanometers, and milo has 
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relatively constant dominant wavelength o£ 6Gt> nanometers with varying 
saturation. tlowever, the variation in the colors of com is of par- 
ti cuh^r significance. Color measurement of all the above images vn* 
made using a probe which integrated the light from a 3 1/2 rmi diameter 
circle on the viewer screen. The fact that *he spacing in cuv.i is clearly 
evident in the lover altitudes as the ground is resolved as spaces be- 
tween the crop revs . However, as altitude increases fewer and fewer 
of the tows are resolved until at 2&,000 feet a relatively homogeneous 
color is produced not too different from th;,t exhibited milo. 

Figure 44 uses identically the same spectral positives : & tlj- 1 pre- 
vious figure, however the color space lias been changed, The green band 
is projected as *cd, the red band as blue and the infrared hand as green. 
Figure 45 again shoi^s the chromatic! ty plot of onm. miln and safflower* 
However, in this color space, we see considerable overlap between the 
cblnyz of con* end milo, also this color space minimizes the cbrcrnatic 
effects on the image of the spacing in the com crop. The color of 
safflower is different [as seen from figure 45), because ihe color mea- 
surement was Fade in the central part of the plot where considerable 
amount of soil is resolved along with the plants, 

A third manipulation of the color space shewn in Figure 46 is achieved 
by projecting the blue band as red, the green band as green and the in- 
frared band as blue. Frcra the color plot shown in Figure 47, we see 
that the colors of the safflower images at all altitudes and at different 
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times are quite closely grouped together, whereas overlap occurs in 
one instance between milo and corn. 

Figure 48 shows the chromaticity coordinates of the colors pro- 

\ 

duced by alfalfa on the low altitude photograph. From this figure the 

\- 

reader can see the transformation of the image color frojji red to green 

f * 

to blue depending on the color space achieved in projection. . 

Figure 49 shows the spectral reflectance of three crops, alfalfa, 
ryt and safflower . These data have been spectroradiometrically obtained 
in the field and the readings corrected to noon sunlight conditions that 
existed on 31 July 1967. Where very little difficulty is usually en- 
countered in obtaining a spectral -color signature of flowering safflower, 
it is quite difficult generally, to spectrally differentiate rye and 
alfalfa. The data presented in this figure indicates that at least under 
noon illuminating conditions, one might expect to be able to obtain unique 

color signatures for alfalfa and rye by subdivision of the 700 to 800 
« 

nanometers spectral band. The reader will remember that both the mul- 
tiband filters used in this experiment as well as the infrared film 
recorded the entire 700-900 band of the near infrared spectrum as a single 
band. 

5.2 Forestry 

The Forestry test sites, vhich were, overflown, consisted of too areas r 
on in the Quincy-Meadow Valley-Bucks Lake area which is generally heavily 
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LOCATION OF THE NASA FORESTRY TEST SITES 
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wcoded. The other area was relatively open range land located near 
Harvey Valley, California.. The geographic locations of both these te 
sites as well as the approximate flight lines are shown in Figure 50. 

Sense significant results are shown in Figure 51. The top photo in 
this figure shows a wooded area adjacent to Silver Lake. The ground 
truth associated with this photograph, which was taken at 28,000 feet 
above sea-level (approximately 22,000 feet above mean terrain level), 
is shorn in the top photo of Figure 52. The areas noted in the ground 
truth have been colorimetricallv analyzed. These results are shown in 
Figure S3. Area A, indicated on the ground truth, is a stand of Califor- 
nia Black Oak (Quercus Kellcggii) . This stand, as can be seen from 
Figure- 53, is clearly chromatically differentiated from area D, which 
consists of a stand of Riparian Hardwoods, mostly White Adler, and 

from area G 'which is a stand of Lodgepole Pine (Pinus Contorta) . Also 

* 

White Bir (area H) can be differentiated chromatically from area^ con- 
taining balck Oak and Lodgepole Pine. 

t 

The center photo in Figure 51 is the Harvey Valley Range area. The 
ground truth for which is shown in the center photo of Figure 52. Chro- 
maticity measurements of the images shown on the ground truth are in- 
cluded in Figure 54.' From this figure we see that Bromus Inermus grass, 

Big Sagebrush sites and dry rushes -sedge areas can be clearly differentiated 
on from the other. The colors of- the images which relate to Low Sage- 
brush, and. Bromus Inermus grass can be less well chromatically separated 
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FIGURE SI -A 

SILVER TM£ f CALIFORNIA AT 
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7 AUGUST 1967. FALSE COLOR 
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INFRARED PROJECTED AS RED. 
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FIGURE 52 -A 
UMLNLJ- SirVER LAKE 

A-QUERCUS klLLOGG 1 1 (GAL I FORN I A RUCK OAK 
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D-RIPARIAN HARDWOODS (WHITE ALDER) 
T:-GRANIT3C OUTCROP 
G-PIMJS GONTCRTA ( LODGEPOLE PINE) 
fl -ABIES CONOQLOR(1VHITC FIR) 



FIGURE S2-R 
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DOMINANT SPECIES INCLUDE SluCES, PORT-: 
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6 - Bit- SAGEBRUSH SITES 
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6 -MANZANITA BRUa [FIELD 


GROUND TRUTH FOR FORESTRY TEST SITES, 



FIGURE S2-C 
iHEffiTSEHTOnTNE AREA 
A-IXJBAKELLA SOIL. GROUND COVER IS 
CEANOTHUS (1 l:NE ATUS ( BACfcBMUSI I) 

B-RI PARIAN KARDLOOD VEGETATION PRE- 
DOMINANTLY SAL IX SP, (WILLOW) 

C -MEADOW OF DRY GRASS WITH SOME SCAT- 
TERED SALIX SP. 

D-MEADOW KITH A HIGHER PROPORTION OF 
VEGETATION 

E-VTRY IDIST MEADOW ARIA 
F -DENSE STAND OF MIXED CONIFERS ON Of)- 

hasseit SOIL 

G-WET MEADOW, LUSH GRASSES AND SEDGES 
(CAREX SP.) 

1 1 -FAIRLY DENSE STAND OF TIMBER ON EBBA- 
KELIA SOIL, 

I -RARE GRAVEL— GOLD DREDGE TAILINGS I 
EARLY MINING OPERATIONS, 

FIGURE 52: 
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as is the case with stands of Ponderosa Pine and Manzanita brush 'en- 
bedded in the pine field. 

The bottom photo in Figure 51 is the Serpentine area of the Bucks 
Lake test site. In this rendition it has been possible to clearly dif- . 
ferentiate all the items delineated in the ground truth shown in Figure 
52. The chromaticity measurements of these images are shown in Figure - 
55.. This additive color rendition is particularly significant because 
several independent measurements of images associated with areas iden- 
tified as similar by the ground truth resulted in establishing. -identical 
color coordinates. 

5.5 Geography 

The Los Angeles Basin from Santa Monica to Riverside served as the 
geography -meteorology test site as shown in Figure 56 - This area was 
over -flown on 3 and 4 August 1967 under •widely different atmospheric 
conditions , The coastal area was visually clear while the inland River- 
side area contained heavy smog accompanied by a then cirrus overcast 
at 20,000 feet. 

Two different experiments were performed at this site: 

1- Overflights of the areas were made at .15,000' 
and 28,000 feet for the purpose of comparing 
niultiband color photography with subtractive 
color films (Aero-Ektachrome and Aero-Ektae 
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FIGURE 56 

FLIGHT LINE COVERAGE OF THE NASA GEOGRAPHY 
TEST SITE AT LOS ANGELES 
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chrome Infrared) . 

2 -A series of photographs at incremental alf"rudes 
from 1,500 to 28,000 feet for the purpose of com- 
paring the color fidelity of both multiband color 
and color films as a function of altitude. 

The second experiment provided an opportunity for detailed quanti- 
tative analysis of the effects of apparently relatively clear atmos 
sphere on both the multispectral color and Ektacbrome color films. 

Figure 57 shews the Ektachrome natural color photographs of target 

panels located on the ground at Century City (West Los Angeles) taken 

at. altitudes of 15.00,3000., 5000, 10,000,15,000,28,-000 feet. Figure 

58 shows the chromaticity of the four colored panels measured on the 

Ektachrome photography at these altitudes. It can bo seen from this 

figure that there exists considerable- ambiguity between the blue and 

green targets as a function of altitude. However, both the red arid 

yellow targets are well differentiated. The dominant wavelength of the 

red target is 600 nanometers, the dominant wavelength of the yellow 

target, 573 nanometers, with all targets being contained between 570 

* 

and 576 nanometers. We can see that the saturation of the colors of 
these two targets is relatively constant.. The* -green target dominant 
wavelength varies from 505 to 555 nanometers accompanied by a great 
variability in saturation. More serious from a precision photographic 
standpoint is the color overlap between the blue and green targets as 
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FIGURE 57: 


AERIAL EkTACHROME HK31DGRAFHS AT THE 
INDICATED ALTITUDES ON 5 AUGUST 1967. 
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FIGURE 58 


CHROMATIC II Y PIjOT OF THE COLORS OF 
TARGET PANEL IMAGES ON AERIAL ECTA- 
CHROME FILM AS A FUNCTION OF ALTITUDE 
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a function of altitude. Blue colors arc ms taker, for green as altitude 
varies, as can be seen from Figure S3. 

Figure 59 presents a multispectral true color rendition of the 
same scene that was shown in Figure 59. Colorimeter measurements were 
made of the images of the color targets when the interpreter used the 
additive color viewer to provide what he considered to be the most 
natural reproduction of ground color. These results are shown in the 
Figure 60. This figure is again a chromatic ity plot of the color mea- 
surements of the red, green, yellow and blue targets for an average 
of th-*ee observers Who have attempted to match the scenes at the var- 
ious altitudes to give itfhat appeared to thm to be a natural color ren- 
dition. Examination of this diagram shows the ex i stance of considerable 
variability in the measured color of target panel images, however, the 
overlap between colors which existed on the color film is not present. 

Figure 61 gives a most interesting comparison of the color of the 
targets as measured by a colorimeter on the ground (at the time the 
photography was taken) with the chroma ticity of the additive color image 
when the color space generated by the viewer was manipulated to give 
the best color match to all tour target panels in a single additive 
color presentation. It can ho seen that the chromaticity of the red, 
green, white targets and their images are practically superimposed. 

The color of the yellow image i* rniitc close to the color of the target 
and even the blue imago, which is practically impossible to exactly 
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FIGURE 59: 


MULTISPECTRAL TRUE 031 DR PHOTOGRAPHS 
OF Jill; TARGET PANELS AS A FUNCTION OF 
INCREASING ALTITUDE 
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match in any color scheme, is- ~ _ 

the measured ground color. The spectral distribution of sunlight during 
die period in which the photography was taken is shown in Figure '62. 

5.4 Geology 

Two-* geology "test- areas~*v. T ere- overflown; during the experiment. The’ 
one receiving the primary emphasis was the White Mountain area north 
of Bishop, California. -The other area was Mono Craters. Both these 
areas are shown in Figure. 63. 

Figure 64 is a multispectral false color reproduction of an area 
of tiie Owens Desert, north of Bishop, California, identified as Bishop 
Tuff. Photography was taken at 24,000 feet altitude above the terrain 
on 6 August 1967. The area of the Bishop Tuff has been extensively an- 
alyzed and geological maps have been prepared by Dwight Crowder of the 
U.S. Geological Survey, Information from these maps lias been overlaid 
on the photography as shown in Figure 64. 

The area consists of three predominant features, non-welded tuff, 
partially welded tuff, alluvium. The multispectral- color rendition 
shown has been obtained by projecting the green band as green, the red 
band as blue and the infrared band as red. 

The chromaticity diagram i*> Figure 65 shows the plot of four color 
measurements made from the viewer screen in each of the identified areas. 


7 
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FIGURE 63 

WHITE MOUNTAIN AREA AND MONO LAKE GEOLOGY 
TEST SITE SHOWING FLIGHT LINES FLOWN ON 
4, 5 AND 6 AUGUST 1967, 
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From this data we see that pari i all) welded tuff image poss esses a 
dominant wavelength o f approximate!/ 49S nanometers differentiated in 
saturation from alluvium and the granite basement nrt-as. The latter 
two areas have the same dominant wavelength as partially welded tuff 
but are more saturated in color, Measi.irements siiovj that the chromaticity 
of the image area identified as granite basement is completely contained 
in the alluvium image. This would indicate that the chromatic! ty of 
the image would not allow the pnoto interpreter to differentiate tnese 
two geological conditions but that he have to vely on other fea- 

tures of the image such as texture. Non-weldcu tuff exhibits a dominant 
wavelength of 48D nanometers and is chromatically completely separate 
from tiie other tiiree linages. Host of the measurements £tovni fell wi th- 
in the areas on the chromatic ity diagram noted , However, it was pos- 
sible to find anomalous areas within each category which would lie in 
other categories, For ins* tone. it was possible to find an im^ge in 
partially welded tuff that would fall in non-welued tuff chroma tic iry 
coordinates. This indicates that chranatid ty analysis of geological 
features might have most fruitful results or. a statistical colorimetric 
aiwilysis by areas. 

Figure £6 also shows an area in the Owens Desert in the Bi c hop TUff 
region. The miltispectral photography was obtained at 24,000 feet above 
sea ‘level on 6 July 1967* The image was obtained by projecting the green 
band as green, the red band as blue end the infrared as red* The anno- 
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tat ions from the geological map of the area constructed during the 
period in which the photography w»s taken is shown as an overlay on 
the photograph. The five significant features, alluvium* f*ood plane 
deposits, non --/elded tuff, partially welded tuff and tuff ali.cr?d by 
vapor phase crystallization are shenm on the overlay. 

The chromaticity plot of th^ colorimetric measurements obtained from 
the viewer screen are shown if Figvr- 67, Perhaps the cast striking 
feature of this figure is ill e large variation exhibited by flood plain 
deposits. The crlorimetric measurements obtained from this L.ag* a r ea 
show great diversity. This is undoubtedly cue to the fact th^t laige 
amounts of veg static^ which appears as red and standing writer bodies 
appearing as cyan* are shown in this area. Partially welded tuff in 
this rend i ton exhibited a dominant wavelength of 49S nanometers sir'll or 
to Figure 64. However, measurements showed that ron-walckd tuff and 
tuff altered by vapur phass crystallization occupied the same chrnw li- 
cit? coo^dinares as the partially welded tuff. Alluvium, on the ether 
hand, appeared separate chromatically from the other image areas. 

Figure 68 shows a multispectral rendition of die White Mountain 
area east of Bishop, California, As in the previous two images shown, 
the annotations have been provided by geological investigation covering 
the time the photography was taken. There are three predominant fea- 
tures shown, sedimentary deposits, volcanic deposits, gravel <md sand 
with the ex i stance of two pronounced fault lines. 
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The multispectral rendition has been obtained by projecting the 
green band as green, th** red band as blue, and the infrared band as 
red. Numerous measurements of the chromatic ity of the projected 
image in the areas indicated are shown in Figure 69.. -Here we see that 
ute chroma ticity of the images in the three areas is distinct both in 
dominant" wavelength and saturation. 


* 1 

The color of the same images taken 


from an Ektachrome infrared * 


photograph of the same area which was obtained at identically the 
same tame as the multispectral photo is shown in Figure 70: From 

the plot of the image color shown in this figure, we see that less 
chromatic separation of 'die .'images has been achieved on the subtractive 
color films in this particular photographic situation. 
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SECTION 6 
CONCLUSIONS 

His experiment dica^sed herein- was designed to evaluate the utility 
o£- multiband, color, photography for. earth, resource .applications. This - 

•r - ' ' :y. 

was-accomplished-by-us-ing a^ multispectral system^in which most of the 

' n - 

known image forming errors had-been minimized. Hie choice of spectral 

✓ 

bands used- was limited by lack of definitive spectral dat? on environ' 

i 

mental objects and was constrained to approximate the spectral sensi- 
tivity of color films. 

* 

Photography^ using conventional color -f liras sensitive to the visible 
and infrared spectrura^was simultaneously taken. Ground control was in- 
corporated for the test site of ectch discipline which included: Co.Il- 

7 - C' 

bleated color and 'grey scale” target panels, mea-surement“>ot incident 

/ * 

solar radiation, reflectance spectra^ measurements and colorimetric mea- 
surements. 

Comparative colorimetric measurements of the resulting multispectral 

• » * 

additive color imagery demonstrated the capability of this technique 
to compensate for both the variations in solar illumination and atmo- 
spheric effects that were encountered during the experiment. Using 
taking filters fohich approximated the wavelength sensitivity of the 
' subtractive color films which were used, it was possible to establish 
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. ' t * 

““■spectral colorimetric signatures for .certain- classes -of-env-ircrmentax 
—phenomenon-. Analysds^f-the test results showed: (1) chromatic image 
errors due- to camera, processing and viewer tolerances can be decreased 
to a point where colorimetric analysis' can be reliably performed* (2) 
variations^ in the intensity and spectral distribution of- solar radiation 
can be eliminated/ (3) the directional (non-1 amber tian) spectral re- 
flectance characteristics of objects and the dynamic nature of cn vivo- 
reflectance spectra are critical residual environmental parameters^ (4-)- 
spec.cral reflectance measurements of classes of environmental objects 
taken en vivo indicate that significant improvement in spectral color 
signatures could be expected using taking filters which subdivided the 
650 to 800 nanometer band of the spectrum. 


""" Comparative colorimetric analyses of tho image produced by the mul- 
tispectral system and the image produced pv subtractive color "films 
demonstrated that it was possible to: fa) produce an additive color ren- 
dition in which the image colors were very close- to object color, (bj 


create a false color space in which environmental objects which visually 
appeared to have cju ite similar color characteristics on the ground were 
made to have decidedly dissimilar characteristics in the additive color 

.image. 
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Photo reproductions of the viewer screen were made by Robert Anderson CLIU) 

9 

Organizations abbreviated above are (alphabetically) as follows: 

.LIU- Long Island University 

NASA- National Aeronautics and. Space Adminis cration 
ONR—Of fice--o£ Naval Research- 
: i SU- Stanford University 
UA- University of Arizona 
UC- University of California at Beikelpy 
UCLA- University of California at Los Angeles 
UCR^ University of California at Riverside 

USA GIMRADA- U.S, ARMY, Geographic Intelligence Mapping Research. 

and Development Agency. 

USGS- United States Geological Survey. 


- 136 - 



Long Island University 

Science Engineering Research Group 


Technical Report SERG-TR-04 
1 September 1968 


SECTION 8 

C 

BIBLIOGRAPHY 

The literature cited. below is classified according to the section 
to which pertinent. ’ 

SECTION i INTRODUCTION 

(1) E. Yost and S, Wenderotu, wj-tivc sicijum. mowgitiiui/ xu 

the Manual of^Color Aerial Photography , J. Smith. Editor, American 

4 

Society of Photogramme try (1963) . 

(2) E. Yost and S. Wendercth, "Mul tispectral Color Aerial Photography” 
Photogrammetric Engineering, Vox. 33, No. 9, (1967) 

(3) E. Yost and S. Wenderoth, ’'Ecological Applications of Mul t.ispectra 
Color Aerial Photography”, Remote Sensing In Ecology , P.C. Oohnson 
Editor, University of Georgia Press, (In press). 

(4) E. Yost, "Applications of a Mul tispectral Color Photographic Syste; 
"Proceeding of the Second Seminar on Air Photo Interpretation in 

the Development of Canada", Queen’s Printer Ottawa, Canada (1968). 

SECTION 2 INSTRUMENTATION, DATA ANALYSIS EQUIPMENT AND TECHNIQUE S 

(5) R. Tarkington and A. Sorem, "Color and lalse Color Film for Aeria’ 
Photography", Photogrammetric Engineering, Vol.29, No.l (19631 . 

(6) A. Sorem, ."Principles of Aerial Color Photography", Photogrammetric 
Engineering, Vol.33, No. 9, (1967), 

(7) N. Fritz, "Optimum .Methods for Using Infrared Sensitive Color Films" 
Photogrammetric Engineering, Vol.33, No, 10, (1967). 


-la/- 



Long Island University 

Science Engineering Research Group 


. Technical Report SF.RG-TR-04 
1 September 1963 


(8) E. Yost and S. Wenderoth, "The Chromatic Characteristics of Addi- 
tive Color Aerial Photography”, Photographic Science and _fcngineer- 
ing, Vol.9, No. 3, (1965).' 

(9) S. Wenderoth and E. Yost, "A Rapid Access Color Reconnaissance Sy- 

Symposium, on Human. Engineering in Photo Data Reduction, Society 
of Photographic Intrumc-ntation Engineers, (1966). 

(10) R. Burnham, R, Hanes, C. Bartleson, "C olor: A Guide to Basic Facts 
and Concepts , Wiley. (1963), 

(11) P. Judd, Color in Business, Science and Industry, Wiley, (1952). 

(12) Bj Nickerson and S. Newhall, " A Psychological Color Solid',’ Journal 
of the Optical , Society of America, Vol.35, pp.419-422, (194s). 

(13) R. Evans, An introduction to Color, Wiley, (1948).^ 

(14) Ccmmitte on Colorimetry, Science of Color. Optical Society of America, 

Crowell, (1953), 

(15) A. Hardy, Textbook of Colorimetry , NUT Press, (1936). 

(16) W. Wright, The Measurement of Colour, Higher and Watts, London, 

(1964) , 

(17) G. Wyszecki and W. Stiles, Color Science, Wiley, (1967). 

SECTION 3 THE EFFECTS OF PHOTO PROCESSING ON IMAGE COLOR CHARACTERISTICS 

(18) . Miller, Principles of Photographic Reproduction , Macmillan, (1943) . 

(19) E. Yost and S. Wenderoth, "Coastal Water Penetration Using Multi- 
spectral Photographic Techniques", Proceedings of the Fifth Sym- 

* • posium on Remote Sensing of Environment, University of Michigan, (1963) 


- 138 - 



Long Island University 

Science Engineering Research Group 


Technical Report SERG-TR-04 
• 1 September 1968 


(20) F, Brown, H. Hall, J. Kosas, Fditors, Photographic Systems for 
Engineers , Society Photographic Scientists and Engineers, (1966) 

(21) D. Spencer, Color Photography in Practice , Focal Press , (1966)., 

SECTION 4 INCIDENT SOLAR RADIATION, iTS SPECTRAL REFLECTANCE AND COLOR ' 
QE.-GRQUND. .OBJECTS. , 

(22) W. V/endlandt and- H. Hecht, Reflectance Spectroscopy, Interscience, 
(1966) . 

(23) S. Valley, Editor, Handbook of Geophysics and Space Envi r onment , 
McGraw-Hill, (1965). 

(24) J. Walsh. Photometry , Dover, (1958). 

(25) N. Robinson? Editor,- SoMr-Radlation, - Elsevier,- (1966.) 

(26) J. Walsh, T he Science of Daylight; MacDonald, London, (1961), 

SECTION 5 THE RESULTS OF THE EXPERIMENT 

(27) W. Van Wijk, Physics of Plant Environment , North-Holland, (1966). 

(28) B. Nelson, An Annotated Biliography of "Spectral Analysis and 
Aerial Photographic Application to Plant Species Identification 
and Disease Detection’, 1965 Honors Program Report, Department of 
Forestry, Iowa State University of Science and Technology. 


- 139 - 




Long Island University Technical Report SERG-TR-04 

Science ^Engineering Research Group 1 September 1968 

APPENDIX' a 

GROUND SPECTRORADIOMETERS AND COLORIMETER INSTRUMENTATION 

The accuracy and precision of 'the : data presented on the fl) spec- 
tral distribution of incident solar. radiation, (2) the spectral reflec- 
tance of ground objects, (3) color of target panels, is dependent on 
the instrumentation used. 

Significant operating characteristics of the instrumentation and 
its calibration, where applicable,- are discussed herein to ; present the 
technology used to ir.ahe the measurements presented throughout this ex- 
periment. 

Characteristics of the Instrumentation Used to Measure incident Sunlight 

A spec tro radiometer using a wedge interference filter system enabling 
the spectrum from 380 to 1250 nanometers to be continuously scanned was 
used to determine the spectrai distribution and intensity of the solar • 
radiation incident upon the environment. Hie instrument was a modified 
version of the model SR Spectroradiometer manufactured by the Instru- 
mentation Specialties Co . , in which s James Chopper relay tfas placed 
in the coherent detector assembly to improve reliability. The spectro- 
radiometer is equipped with a diffusing screen so that its directional 
response is proportional to Lambert* s cosine law. This method of mea- 
suring, sunlight is important because the incident radiation falls upon 
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tiie earth's surface and is reflected into the aerial camera lens re- 
gardless of its original direction of propagation. True cosine re- 
sponse also eliminates the need for precise aimine of the instrument. 

Whereas a radiometer measures in units of energy rate intensity 

such as microwatts per centimeter square, a spectroradiometer measures 

/ 

in units of energy rate intensity per bandwidth such as microwatts per 
centimeter square per nanometer. This latter system of units is most 
meaningful for measurements of illumination when spectral photography 
is taken since a graph of spectral distribution of radiant intensity 
versus wavelength can be obtained. The area under such a curve vil] 
be numerically and dimensionally equal to energy available in the wave- 
length interval of interest; The spectroradiometer used was capable 
of measuring from .01 to 1000 microwatts per centimeter square per mano- 
meter. These values correspond roughly to illumination levels of .03 
* * 

to 30,009 foot candles. 

The calibration of the spectroradiometer was verified using a regu- 
lated voltage calibration unit manufactured by Instrumentation Special- 

9 t 

ties Co.. A spectral standard lamp, serially numbered and individually 
calibrated against the National Bureau of Standards .was used . The lamp 
had an absolute accuracy of plus or minus five percent relative to the 
NBS standard. The precise regulation of the current to the larsn was 
maintained by a precision electrical power supply unit. 
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The naif bandwidth of the spectroradiometer used to measure the in- 
cident illumination is approximately 15 millimicrons in the 380 to 750 
range and 30 millimicrons in the 750 to 1250 range. Stray light response 
to unwanted wavelengths of 15 millimicrons bandwidth and far from the 
wavelength of interest is usually in the order of .01 percent. Stray 
1 igfrfe - error -Tosui • too' liigh^eadihg and’ limits the accuracy of mea- 

surement of low intensity spectral energy in the presence of high- intensity 

j ■ . 

radiation in different wavelengths. The most severe stray light error 
results when measurements of red rich light sources are made, such as - 

t 

solar radiation in the afternoon. The instrument reads approximately 
three percent too high at 400 millimicrons when measuring a standard 
2854 degree Kelvin, source, because of stray light passage of longer wave- 
rengtns . This amount of error has been compensated by measuring the 
stray light alone, placing a blue absorbing filter over the sensing head 
and noting the amount of stray light indicating on the meter. This 
value has been subtracted from the measured intensity to determine the 
correct values. 

The periodic calibration of the spectroradiometer used for measuring 
incident sunlight allowed an accuracy of plus or minus seven percent 
in the long wavelength of the spectrum and plus or minus ten percent 
in the short wav length of the spectrum, tost of this error of course 
comes from uncertainty in the secondary'standard used. The relative 
accuracy of all points with respect to each other throughout the wave- 
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lengths measured is approximately plus or minus three percent. 

Characteristics of the Instrumentation Used to Make Reflectance 
Measurements 

system assembled from components 

manufactured by EG §GGInc. and Bausch § Lomb was used to measure the 
average power of the solar radiation reflected by the target panels. 

By means of a grating monochromator, these energy and power readings * 
can be made at a selected wavelength over a bandwidth determined by 
the grating and slits. This instrument basically consists of an optical 
system which limits the entrance of energy to a twelve degree field, 
a monochromator grating to spectrally isolate the visible energy to. a 
five nanometer halfband pass, a monochromator grating to spectrally 
isolate the infrared energy to a ten nanometer halfband pass and a de- 
tector head to sense the magnitude of the incident, energy. This re- 
flectance spectroradiometer was used to measure the relative distribution 
of radiation reflected by the ground targets. A typical arrangement 
of the surface targets is shown in Figure 15 . These targets were 
oriented to minimize the secondary reflection from other surface objects 
(such as trees) incident- upon them. 

The reflectance spectroradiometer is designed so that light re- 
flected from an object passes through a diffuse system and. is directed 
by the collective lens into the monochromator housing via. the entrance 
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slit,. Calibration accuracy is obtained when the light incident on the 
diffuser is imaged on- the entrance slit, completely filling the slit 
area .with light. - A collective lens in the beam input optics in front 
of the monochromator entrance slit, collects the incident light which 
is properly matched with the diffuser to create a uniform iJ lumirating 

*** t- 

bundle inside the monochromator housing. This bundle is them incident 
on a plane diffraction grating where it is angularly dispersed' accord- 
ing to wavelength. Each wavelength present in the source bundle ref] ec 
off the diffraction grating at a different angle. The grating can be 
rotated to direct any selected wavelength bundle onto the center of 
a concave mirror. The mirror collects the light and, with the help 
ofra^quarta^correc-tor^lens,-- .forms. «an; image ^of.. the entrance- slit on the 
exit slit. 

The visible range grating is a 1350 groove per millimeter, grating 
covering from 350 to 800 nanometers in the first order an is biased 
at 500 nanometers. Hie reciprocal linear dispersion is 6.4 nanometers 
per millimeter. The smallest scale division, for this grating assembly 
is 5 nanometers. 

The infrared grating is a 675 groove per millimeter grating cover- 
ing the range from 0.7 to 1.6 microns is the -first order and is blazed 
at 900 nanometers. The reciprocal linear dispersion for this grating 
assembly is 10 nanometers. • . 
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The image at the entrance slit is reduced in size by a factor of 
0 ..56= The exit slit, therefore, has. a width and height which are 56 
percent of the entrance slit. ’ Only the wavelength which strikes the 
exact center- of the concave mirror results in an image which falls 
precisely on the exit slit. All other wavelengths produce images 
which- are* to^the^rrght^'or "tbo‘-~leftf”af "the - exit' "sii't . The exit slit 
width and the dispersion, in combination, determine the bandpass or 
spectral purity of the system. It is necessary to multiply the width 
of the exit slit by 1.78 to obtain the proper width of the entrance 

i 

slit. Using this ratio, only the selected single wavelength can pass 
through the system at its full intensity. 

In order to obtain the best possible accuracy, a spectroradiometer 
is calibrated at regular intervals. The calibration of the instrument 
can shift due to such factors as the collection of dust on the optical 
surfaces or a variety of other random factors.. Tire electronic circuitry 
of. the instrument is very stable and maintains uniform response, but 
nevertheless the accuracy of the instrument was verified. 

The spectroradiometer is calibrated by means, of a standard light 
source which produces known amounts of radiant energy at various wave- 
lengths. At Long Island University, a calibrated ribbon filament low- 
voltage high-current tungsten lamp is the calibrating standard, and its 
heavy construction provides relatively good maintenance of its calibra- 
tion. The lamp is calibrated in terms of spectral energy at various 
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wavelengths at a- constant value of electric current through the lamp 
filament. 

Coloriraetri c Principles and the Characteristics of the Instrumentation 
Used to Measure Color 

Co 3 orimetiy , spectrophotometry^ and spectro radiometry are terns 
< - 

that frequently confuse those who are not closely connected with the 
scientific study and analysis of color. 

' 1. Spec tropho tome try is the objective measurement of the reflection 

t 

or transmission characteristics of a material at each wavelength 
throughout the spectrum inv terms of a perfect white reflector 
ok a^col^lfessrvtransmissdonwstandard^ . True^s^jectroph o.tometry 
only defines the "color” components of a sample in basic physica 
language. It does not directly give the apparent visual color 
which includes the characteristics of the illuminant and the 
observer's eyes. 

2. Spectroradiomstry is the procedure for determining the energy 
distribution of a source of light at each wavelength throughout 
the spectrum. True spectroradioinetry only defines the "color" 
components of' a light in basic physical language. It does not 
give the apparent visual color which includes the characteristics 
of the observer ' s - eyes . 

3. Colorimetry may be defined as the objective measurement of the 
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rer lection or transmission cnaracteristics or a material suit- 
ably weighted for the, properties of the illuminant and average 
human eye color sensitivity. Due to the inclusion of the il- 
luminant ana the eye, colorimetry attempts to be subjective 
in its ultimate data. Perhaps the best illustration of the 
difference' between colorimetry and spectrophotometry is in- 
cluded in the following statements: 

1 . Two materials having identical absolute spectro- 
photometric curves will appear identical in color 

. t 

to a human observer when viewed simultaneously 
under any illuminant. 

) . . However, it. is . not-neceesarily true-- -that two ■ materials 
having the same apparent color to an observer under 
any one specific illuminant will, have identical spoc- 
tophotometric curves. 

The basic theoretical requirements of a colorimeter may be summa- 
rized as follows: 

1. Illumination for opaque (reflecting) samples, or transmission 
samples under selected standardized conditions of illumination 
and viewing must be provided. 

2. The light normally received by the human eye undex* the above 
condition must be separated into three selected primary com- 
ponents. and these values measured in magnitude (relative to 
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some standard) to an accuracy at least equal to that of the 
eye. 

The colorimeter utilized in the experiment was manufactured by- In- 
strument Development Laboratories and used the well established flicker- 
photometer principle. The flicker system has been in use. for many years 
in spectrophotometers and similar instruments. The mash features of 
the particular optical arrangement used were as follows: 

a. Due to the high light sensitivity and gain of the 
photomultiplier tube, optics of small aperture and 
short focal lengths may be used, permitting cos-pact 
design. 

b. The design utilizes a minimum of air-glass surfaces 

' and the entire optical system is dust sealed. 

c. Precision stray-light stops arc used to prevent 
any light from reaching the optics except from the 
sample spheres. This is absolutely essential in 
measuring dark samples. 

d. Arrangement is such that the illumination system 
may be completely replaced by an alternative il- 
lumination system. 

In the flicker system, the flicker motor drives the optical system 
so that light from the sample and light from the standard alternately 
focus on the 1P21 photomultiplier. If light from sample and standard 
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are identical, the photocell output will be unchanged by the flicker. 

If the two differ, an alternating current will be generated in the pho- 
tocell circuit. Mien the light from the optical system reaches the 
photomultiplier, the light' consists of two components: 

A steady component representing the mean brightness 
of sample and standard as viewed through the tri- 
. stimulus filters selected by the operator, 
w An alternating or "flicker 11 component of magnitude 
representing the difference in brightness between 
sample and standard as viewed through the particular 
source and tfistimulus filters selected by the op- 
erators 


Hie colorimeter functions so as to measure the steady component 
and the difference of "flicker" component and perform th* computation 
necessary to express the difference in terms of percentage difference 


between sample and standard in terms ot reflected or transmitted light.- 


Mathematically, colorimeter automatically performs the computation: 


Colorimeter 
Reading =100 


Brightness ^ Brightness 

of Sample *" Standard 


+ 100 


Brightness 
of Standard 


Actually, the direct current output of the photomultiplier is amp- 
lified and used to control the voltage supply to the photomultiplier 
in such a manner that the mean current output of the tube is constant 
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for brightness variations of 5,000 to 1. Thus-, regardless ‘ of the bright- 
ness level of sample or standard, the transmission c ^ source or tristi- 
mulus filters, or intensify of illumination, a given percent difference 
in color will- give a finite A.C. voltage to the meter. In effect, the 
sensitivity of the photocell is varied inversely with brightness of light 

reaching it,~ just as the/.iris o'f""the- human eye and accommodation cf the 
<* , 

brain acts to decrease the eye’s sensitivity when a brighter object, is 
viewed. 
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